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The  NRL  Infrared  Mobile  Optical  Radiation  Laboratory  (IMORL)  consisting  of  various  infrared 
laser  sources,  large-aperture  collimating  optics,  and  precision  calibrated  infrared  detectors  and  elec- 
tronics was  operated  in  conjunction  with  the  JAN  Baseline  Demonstration  Laser  propagation  tests 
during  June-September  1975.  The  trailer-housed  elements  of  the  IMORL  unit  were  deployed  so 
as  to  use  an  atmospheric  measurement  path  about  5 km  long  between  the  TRW  Capistrano  Test 
Site  and  Camp  Pendleton  Marine  Base.  Extensive  measurements  of  atmospheric  transmission  at 
several  DF  laser  wavelengths  between  3.6Miiyand  4.1(^^were  obtained  as  well  as  measurements- 
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20.  Abstract  (Continuwl) 

at  the  Nil-YAG  laser  wavelength  of  1.06  #jm.  The  opticiil  measurements  vere  supporltsl  by  meieo-  I 
n>lo^cal  observations  near  the  IMOHI,  transmitter  mui  reeeivi'r  sites.  Atn  ospherie  aerosol  distribu-' 
tions  were  monitoretl  durini;  the  experiments,  and  Mie  .seatterint;  I'aleulations  were  performed  usm^;  ' 
the  aerosol  ilata  and  were  compared  to  aerosol  extinction  values  derivi'd  from  tlu-  optical  mi'asure  | 
ments  obtainiHl  usinn  the  Ti-km-lonn  iiath.  The  water-vapor  dependence  of  molecular  absorption  for| 
ea<’h  of  the  22  UF'  la.ser  lines  studied  was  compariHl  to  values  oblainiHl  during  earlier  experiments 
at  the  ('ape  Canaveral  .Mr  Force  Station  ;uul  to  theoretical  predictions  basini  on  a HI-TRAN  calcu 
lation  using  a line  atlas.  The  experimental  apparatus  used  (IM(3R1,  facility)  and  the  meiLsurement 
procixiures  followed  are  briefly  described.  The  measurement  results  obtaiiuxl  and  their  compari- 
sons to  theoretical  predictions  for  moli>cular  absorption  and  aerosol  scatU-ring  at  DF  la.ser  wave- 
lengths are  presented  and  discussed. 
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ATMOSPHERIC  EXTINCI'ION  MEASUREMENl'S  AT  ND-YAG  AND  DF  LASER 
WAVELENGTHS  PERFORMED  IN  CONJUNCTION  WITH  THE  JAN 
PROPAGATION  TESTS,  JUNE-SEP'I'EMBER  1975 


1.  INTRODUCTION 

This  report  describes  the  operation  of  the  NRL  Infrared  Mobile  Optical  Radiation 
Laboratory  (IMORL)  and  presents  the  results  obtained  for  a series  of  measurements  per- 
formed in  conjunction  with  the  JAN  Baseline  Demonstration  Laser  (BDL)  propagation 
tests  during  the  period  June  thr<''Ugh  September  1975.  To  effectively  assess  linear  atmos- 
pheric effects  and  to  provide  in-situ  molecular  absorption  values  appropriate  for  the  BDL 
laser  during  the  Series  B high-power  tests,  the  NRL  field  measurements  facility  previously 
used  for  Nd-YAG  and  DF  laser  transmission  studies  at  Cape  Canaveral  Air  Force  Station 
(CCAFS)  was  deployed  and  operated  prior  to  and  during  the  Series  B tests. 

A knowledge  of  molecular  absorption  and  aerosol  extinction  values  effective  for  the 
BDL  laser  during  the  high-power  propagation  tests  is  essential  for  interpretation  of  calor- 
imetric data  associated  with  the  high-power  runs.  (Molecular  scattering  is  negligible  at 
the  wavelengths  of  intt>rest,  that  is,  near  3.8  pm,  and  aerosol  absorption  is  currently  under- 
stood to  be  a minor  component  of  the  total  aero.sol  e.\tinction.)  More  importantly,  com- 
parisons of  measured  high-power  focal-spot  sizes  to  theoretical  predictions  must  use  rep- 
resentative values  for  atmospheric  absorption  which  enter  nonlinearly  in  contributing  to 
the  focal -spot-size  budget  of  a thermally  bloomed  beam.  The  IMORL  facility  was  used 
during  the  Series  B tt'sts  to  gain  added  confidence  in  values  used  for  atmospheric 
molecular-absorption  and  aerosol -scattering  coefficients  appropriate  to  the  TRW -Capistrano 
Test  Site  (CTS)  location  for  the  BDL  shot  times. 

The  extinction  data  taken  for  the  22  DF  lines  and  for  1.06  pm  3 months  prior  to 
the  JAN  tests  during  the  1975  Florida  experiment  were  available  at  the  outset  of  the 
S»‘ries  B tests;  however  the  extent  to  which  the  data  analysis  and  interpretation  had  pro- 
gressed by  the  start  of  the  JAN  tests  did  not  yield  high  confidence  in  having  available  a 
well-understood,  high-accuracy  predictive  capability  for  atmospheric  molecular  absorption 
at  DF  wavelengths  Today,  after  nearly  a year  of  continuing  analysis,  including  refine- 
ment of  data-processing  techniques  combined  with  the  requisite  comparisons  of  the  field 
measurement  results  to  predictive  models,  the  situation  has  substantially  improved.  One 
can  in  fact  prenlict  molecular  absoriition  at  the  DF  frequencies  contained  in  the  BDL  out- 
put spectrum  with  high  reliability  over  a moderate  temperature  range  for  any  value  of 
absolute  humidity  likely  to  be  encountered  in  the  field.  The  latter  knowledge  resulted 
from  a continuing  crosscomparison  of  the  field---  -asurement  results  to  calculatiomil  models 
which  have  been  upgraded  by  the  inclusion  of  improved  information  derived  from  labora- 
tory measurements.  Experimental  data  for  molecular  absorption  measured  in  tlie  field 
during  the  Florida  and  Capistrano  experiments  are  comparwl  to  current  versions  of  such 
predictive  models  in  Section  3 of  this  report  and  will  be  described  in  detail  therein. 
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Tho  additional  confidence  in  molecular  absorption  values  and  in  tlie  assessment  of 
aerosol  effects  v;ainetl  by  carryinn  out  actual  measurements  concurrent  with  the  BDL  tests 
is  certainly  justifieil  in  terms  of  the  important  role  which  these  data  have  in  tlie  analysis 
of  the  JAN  propagation  results. 

The  IMORL  facility  is  housed  in  several  large  instrumentetl  van  trailers  which  con- 
tain a variety  of  laser  sources  and  large  optics,  including  a combustion-driven  CW  DF  laser, 
a provision  91-cm-diameler  Casst'grainian  transmitter  telescope,  and  a comparable-size  n*- 
ceiver  telescope. 

A detailed  description  of  this  facility  is  contained  in  a report  describing  the  earlier 
e.xperiments  conducted  at  the  CCAFS  location  in  February  and  March  1974  and  rc|ieaU*d 
during  the  following  year  (1).  An  abbreviated  description  of  the  experimental  apparatus 
with  emphasis  on  the  features  added  for  the  JAN  tests  is  contained  in  Section  2.  The 
ex|>erimental  procedures  used  and  a description  of  the  routines  and  procedures  used  for 
analyzing  the  data  are  contained  in  Section  2 as  well. 

Section  3 descrilx's  the  results  obtained  during  the  two  measurement  jTeriods,  one 
prior  to  Series  B (30  July  through  22  August  1975)  and  the  second  in  conjunction  witli 
the  high-power  tests  (10  through  23  September  1975).  Section  4 enumerates  the  obser- 
vations and  conclusions  which  can  be  drawn  from  the  results. 


2.  EXPERIMENTAL  FACILITIES  AND  PROCEDURES 
2.1  Experimental  Site 

The  apparatus  used  in  the  low-power  extinction  measurements  at  the  TRW  Capistrano 
Test  Site  (TRW-CTS)  can  be  grou|H>d  into  two  categories;  that  used  for  optical  measure- 
ments and  that  devoted  to  supporting  mett'orological  measurements.  The  equipment  was 
housiHl  in  several  van  trailers  whose  positions  during  the  experiment  are  shown  in  Fig.  1 . 
The  extinction-measurement  equipment  was  contained  in  the  laser  transmitter  and  pump 
trailers  (positions  10  and  11  in  Fig.  1)  and  in  the  receiver  trailer  located  either  at  the 
terminus  of  the  5-km  path  position  (8)  or  at  the  "zero-path”  position  (9),  which  was  list'd 
for  calibration.  Meteorology  support  was  provided  by  instrumentation  contained  in  the 
NRL  meteorology'  van  (7)  and  in  the  electronics  trailer  at  the  transmitter  end  of  the  path 
(12). 

Station  power  was  provided  by  TRW  for  the  equipment  at  the  receiver  end.  The 
transmitter  site  was  self-sufficient,  with  .storage  of  supplies  provided  by  the  supply  trailer 
(13)  and  electrical  power  provided  by  a 75-kW  diesel  generator  (14). 


2.2  Optical  Instrumentation 
2.2.1  iMser  Transmitter  Facility 

The  transmitter  facility  is  .self-contain«Hl  in  the  transmitter  and  pump  trailers  (Fig.  1). 
Figure  2 shows  the  layout  of  the  transmitter  trailer.  Half  of  the  interior  is  occupied  by 
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Fig.  1 — BDL  propagation  range 
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Hti  2 — Transmitter  trailer 


the  transmitter  teleseope  and  its  mount;  till  of  tlie  optics  tuid  laser  sources  are  contaiiuHl 
within  the  telescope  frame.  The  other  htilf  of  the  trailer  contains  measurement  electron- 
ics, vacuum  pumps,  gas  storage,  tools,  and  workintt  space.  Heat  exchangers  for  DF'  and  Nd- 
YAG  latter  cooling,  a fluorine-cylinder  enclosure,  and  a chemical  .scrubber  box  are  mounU*d 
beneath  the  trailer  flottr.  The  pump  trailer  houses  the  large,  two-stage  vacuum  pump  re- 
ijuirtxl  by  Uie  DF  laser.  A 20-cm-diameter  vacuum  line  connects  the  vacuum  pump  in  its 
trailer  to  the  DF  latter  exhaust  scrubln'r  mounted  beneath  the  transmitter  trailer. 


2 2.2  Transmitter  Optical  System 

Figures  3 ami  -1  are  schematics  of  the  transmitter  optical  systems.  Figure  3 shows 
the  layout  of  the  91-cm-aperture  Casttt'grainian  telescope,  which  has  an  effective  focal 
length  of  32  m tuul  is  supported  by  the  optical  bench  depicted  in  Fig.  2.  This  bench  is 
supported  by  piers  sitting  on  the  ground  and  is  vibratiomdly  isolat«Hl  from  the  trailer, 
provuling  support  for  the  lasers  and  transfer  optics  shown  in  Fig.  4.  Of  note  lue  the  HeNe 
Liiignment  la.ser  (LI)  and  its  Ivvim  ex|)ander  (BKl),  the  Nd-YAG  last'r  (I.i2)  and  its  bt'am 
expander  (BK2),  and  the  DF  chemical  laser  (L3).  The  DF  laser  beam  is  collimated  and 
matcluHl  tit  the  entrance  j>upil  of  the  Cassegrain ian  telescope  using  a variety  of  flats  and 
high-f-number  spherical  mirrors. 

The  HeNe  alignment  la.ser  and  Nd-YAG  la.sers  are  combined  by  a dichroic  beam- 
combining  plate  (Dl);  this  coaxial  beam  is  added  to  the  DF  Kiser  beam  by  another  di- 
chroic beam-combining  plate  (D2).  The  resulting  colinear  brams,  which  have  been  matclnnl 
to  the  entrance  pupil  of  the  Ca.s.segrainian  telescope,  are  delimited  by  a pupil  mask  (M) 
and  brought  to  the  .system  focal  point  (f)  by  the  off-axis  parabolic  mirror  (OAP).  The 
beam  is  then  moLlulated  by  a chopper  (C)  and  transmitted  via  the  ('asscgrainian  teU'scope 
system.  Additional  details  concerning  this  system  can  be  found  in  Ref.  1. 
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Fig.  3 — Ca&segrainian  telescope 
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Fig.  4 — Transmitter  optical  system 
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2.2.3  DF  Laser 

The  DF  laser  was  enjhneertnl  by  Henry  Bobitch  of  TRW  Space  Systems,  Redondo 
Beach,  California.  The  device  uses  a 15-cm  linear  supersonic  nozzle  to  achieve  a gain  vol- 
ume approximately  1 cm  square  by  15  cm  long.  This  gain  volume  is  situated  between  two 
CaF2  Brewster  windows.  The  long  gain  path  provides  approximatt'ly  2.5  W multiline 
TEMqq  output,  using  a gold  flat  and  a 2-m-radius-of-curvature,  95%-renecting  output  win- 
dow, or  a 0.1-to-0.5-W  TEM^q  single  line  output  using  an  intracavity  grating.  The  gas 
consumption  rates  used  allowed  routine  continuous  operation  of  from  3 to  4 hours  daily. 
Figure  5 shows  the  single-line  output  power  spectrum  for  the  various  lines  used  in  the 
measurements.  A more  complete  descnption  of  the  DF  laser  and  its  characteristics  are 
contained  in  Ref.  1. 


Fig.  5 — DF  laser  power  spectrum 


2.2.4  Nd-YAG  Laser 

The  Nd-YAG  laser  is  a CW  device  operating  at  a wavelength  of  1.06  pm.  It  is  used 
as  a source  for  extinction  measurements  to  allow  aerosol  extinction  to  be  monitored, 
since  there  is  virtually  no  molecular  absorjUion  in  the  atmosphere  at  this  wavelength. 

The  la.ser,  a GTE  Sylvania  Model  605.  uses  a Nd-YAG  laser  roti  set  in  a “double  el- 
liptical” reflector,  is  pumped  by  two  500-\V  incandescent  lamps,  and  is  limited  to  a low 
order  mode  by  an  aj^erture  in  tlie  laser  cavity.  The  output  power  is  approximtely  0.11  W. 
The  nrode  structure  of  tlie  laser  is  further  improved  during  iH'am  expansion  t.hrough  tlie 
u.se  of  a spatiiUly  filtered  liuser  collimator.  The  output  of  the  collimator  is  a smooth, 

.Airy  distribution  of  2-cm  e'“iiianieter  with  an  output  power  of  appro.ximately  80  iiiiV. 


2.2.5  HeS'e  .Xlifinnient  Laser 

The  alignment  laser,  to  which  both  the  transmitter  and  ultimately  the  receiver  are 
aligneil,  is  a SfU'i-tni-riiysies  Model  125.  This  laser  develops  approximately  75  m\V  in  a 
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“TEMQQ-like”  mode.  Because  the  laser  is  used  for  collimation  through  the  Cassegrainian 
system,  the  output  is  spatially  filtered  and  collimated  to  a smooth  “tophat”  distribution 
of  approximately  2.5-cm  diameter. 


2.2.6  Receiver  Trailer  and  Optical  System 

The  receiver  is  housed  in  another  van  trailer.  The  receiver  optical  system  collects  the 
transmitted  beam  after  it  has  traversed  the  measurement  path  and  the  received  intensity  is 
accurately  measured  using  the  detector/integrator.  The  optical  system  is  supported  by  a 
massive  steel  optical  bench  which,  like  the  transmitter,  rests  on  piers  sitting  on  the  ground 
and  is  thus  independent  of  the  receiver  trailer  motion. 


9l-cm  SPHERE 
13  S-m  FOCAL  LENGTH 


Fig.  6 — Optical  receiver  used  in  the  extinction  measurements 


As  shown  in  Fig.  6,  the  optics  of  the  receiver  system  consist  of  a 1 3. 3-m-focal -length 
spherical  mirror  and  auxiliary  flat  mirrors  used  to  fold  the  beam  inside  the  receiver  trailer. 
The  entrance  pupil  of  the  collecting  mirror  is  unoccluded.  Operating  the  sphere  off-axis 
results  in  minor  problems  with  aberrations,  which  do  not  affect  the  operation  of  the 
detector/integrators,  since  the  image  size  can  be  1.3  cm  in  diameter  and  still  be  integrated. 
Only  when  the  effects  of  scintillation  and  beam  wander  cause  the  incident  beam  to  wander 
off  the  receiver  mirror  are  problems  encountered.  For  the  measurements  at  TRW-CTS,  a 
television  camera  was  used  with  a beamsplitter  in  the  receiver  optical  train  such  that  the 
size  and  position  of  the  1.06-pm  spot  on  the  receiver  mirror  could  be  monitored  from  the 
transmitter  trailer  using  a TV  picture  and  microwave  relay  link.  This  allowed  beam  align- 
ment to  be  monitored  remotely  during  BDL  firings. 
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2.2  7 Extinction  Measurement  Apparatus 

The  i«cni(>i>|>hen(.'  exUnction  measurement  scheme  is  depicted  in  Fig.  7.  Initially  the 
ratic  of  the  statutnan'  and  mohile  detector  responses  is  determined  with  the  mobile  de- 
tector iti  p<i(>iti(>n  .-V  In  position  B tlie  losses  to  the  atmospheric  path  and  optical  ele- 
ment* are  measured  The  loss  to  tire  optical  elements  alone  is  measured  by  placing  the 
tran»mitter  and  receiver  adjacent  to  one  another  in  the  calibration  location  shown  in  Fig 
1 The  optical  reflwtivity  measurr*d  during  calibration  is  factored  out  of  the  long-path 
r *10  measurement  to  yield  the  loss  due  solely  to  atmospheric  effects.  Such  a measure- 
I t tei  hiuc|ue  makes  u e of  the  following  features; 

• Ih'tei  tors  which  reliably  measure  total  power; 

• .-\  ratiometer  which  accurately  determines  the  ratio  of  the  responses  of 
two  detectors; 

• .-X  data  link  which  sends  a signal  from  the  mobile  detector  back  to  the 
ratiometer  located  in  the  transmitter  trailer  (a  distance  of  5 km). 


stationary  detector 


MOeiL  DETECTOR,!  position  B) 

transmitter  RECEIVER 

Fig.  7 — Atmospheric-extinction  measurement  scheme 

2.2.8  Detector/Integrators 

Figure  8 is  a schematic  of  the  detector/integrator.  A liquid-nitgrogen-cooled  InSb 
bottom-window  detector  views  the  top  of  the  integrator  interior. 

The  optical  integrator  assembly  is  designed  so  that  the  InSb  detector  response  is 
proportional  to  the  sjiatially  integrated  intensity  in  tlie  incident  beam  and  insensitive  to 
small  changes  in  location  of  the  input  beam  within  the  integrator  input  aj'erture.  Dif- 
fusely reflecting  interior  surfaces  and  baffles  preventing  directly  reflected  light  from  il- 
luminating the  detector  element  are  used  to  achieve  these  results.  The  integrator  collei'ts 
all  of  the  incident  radiation  which  enters  the  device  vertically  after  being  folded  from  the 
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horizontiil  by  a gold-coated  flat  mirror.  A kinematic  mount  is  employed  to  provide  con- 
sistent positioning.  The  positions  of  the  mobile  and  stationary  detector /integrators  are 
sliown  in  F'ig.  7.  F'igure  9 shows  the  integrator/detector  spatial  response  to  a narrow 
1.06-pm  beam  incident  on  the  detector.  The  response  ideally  would  show  a “tophat” 
distribution  which  would  be  independent  of  wavelength.  The  InSb  detectors  used  are 
sensitive  over  a wavelength  interval  from  about  1 to  6 pm,  allowing  the  same  detectors  to 
be  used  for  the  1.06-pm  Nd-YACi  and  3.8-pm  DF  extinction  measurements. 
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2.2.9  Extinction-Measurement  Electronics 

As  previously  discussed,  the  ratio  of  the  signals  developwl  by  the  two  InSb  detectors 
must  be  reliably  determined  both  for  the  zero-path  calibration  position  and  the  long  path. 
The  electronics  which  have  been  developed  were  shown  to  work  quite  satisfactorily  during 
the  field  measurement  program  conducU*d  during  1975  at  Cape  Canaveral,  Florida. 

Figure  10  is  a block  diagram  of  the  electronics.  A 37 -Hz  50%  chopper  alternately 
sends  the  radiation  to  be  ratioed  to  each  of  the  two  detector/integrators.  Signals  from 
both  detectors  are  amplified  by  identical  preamplifiers. 

The  preamplifiers  each  contain  a filter  and  an  amplifier  with  switch -selected  gain. 

The  front  ends  provide  stable  biasing  and  stable,  low-noise  amplification  for  the  InSb  de- 
tector signals.  The  filter  rejects  as  much  noise  as  possible  while  preserving  the  squareness 
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of  the  ;{7-Hz  wavi'forms,  proviilin^  iu»  iiuiicatit)ii  to  thi>  users  that  the  detectors  an' 
aliRtu'd  ami  working  properly.  The  freiiiieney -response  curve  of  the  filter  is  sueli  that 
d7  II/,  IS  on  tlie  flattest  part,  riie  preamplifiers  ar»'  proviiieil  with  12  seleetahle  Rain 
values  in  a loRarithmie  (iroRre.s.sion  of  four  steps  per  decade  of  amplification.  This  fea- 
ture allows  tlie  siRiuils  derivetl  from  the  [ireamplifiers  to  In'  of  a similar  level  for  tlie  tuned 
ratjomeU'r  and  data  link  while  eoveriiiR  boUi  a wide  raiiRC  of  ineidimt  power  on  the  de- 

U'cttirs  and  the  detector  respons»‘  to  l.Ot)  and  J.8  fiin.  \ 

As  shown  in  Fig.  10,  the  two  .'17-11/  electrical  siRuals  are  fed  into  the  ratiometer. 

The  siRnal  from  the  stationary  detwtor  |)reamplifier  rocs  dirtvtly  U)  the  denominator 
input  of  the  ratiometer,  since  both  units  are  ptisitioned  in  the  transmitter  trailer.  At  all 
times  tJie  siRiial  from  the  mobile  ilettvtor  preamplifier  is  transmitted  to  the  numerator 
input  of  tlu*  ratiometer  via  the  (la As  data  link. 

A voltaRc-controlled  oscillator  (VtX))  is  used  to  encoile  the  mobile-<letector  siRual 
amplitude  onto  the  (la As  laser  beam  so  that  the  laser  pulse  repetition  rate  is  proportional 
to  the  siRnixl  amplitude.  A frequency-to-vollaRe  converter  {FV(')  is  useii  to  decode  tlie 
siRiial  at  tlie  triuismitU'r  site  to  recover  Uie  oriRinal  siRiial,  The  intensity  of  the  (laAs  laser 
Unmi  is  not  important  as  loiiR  as  it  is  adequate  to  triRRcr  tlie  silicon  avalanche  photmliode 
n'ceiver. 

The  ^•onlplete  dabi  link  was  included  in  the  system  whenever  (he  mobile  detector 
was  us«l  in  the  11  position.  In  the  A position  the  V(X)  and  FV(’  were  couplet!  tlirecl.ly 
toRcther.  Previous  ex()erinuMils  had  shown  this  to  be  an  adequate  procedure  to  avoid 
errors  du«>  to  loiiR-term  variations  in  the  Vt'O  aiitl  FVC  electronics.  The  GaAs  transmit- 
ter anti  silit'on  avalanche  tiiode  detector  combination  I'osed  no  stability  problems  tluriiiR 
either  tJie  Floriila  or  tln>  California  experiments. 

The  ratitunctt'r  includes  pri>cisit>n  malclietl  baiulpass  filters  to  seh-ct  the  fuiulanu'iital 
fretiuency  tif  the  cliopptxl  inputs,  precision  rt'clifii'r  circuits,  a unitpit'  tlc-ralit)  circuit,  and 
a Hesst'l  filter  to  av«'raR«>  the  output.  The  ratio  circuit  u.ses  a siiiRh'  loRarithmic  transistor 
junction  to  perform  all  nonlinear  siRual  operations.  F.rrors  that  iniRlit  otlu'rwi.se  arisi' 
from  mismatches  belwi-en  .several  transistors  are  thus  <>liminated.  The  ratiometer  also  in- 
cluiles  a .self-i-alibration  featuri’  and  automatic  Rain  raiiRiiiR  to  allow  a larRi'  input  dynamic 
raiiRc. 

'Pile  ratiometer  response  is  inliMil ionally  slow;  it  has  an  effective  averaRuiR  time  of 
■I.;!  s and  a .settliiiR  lime  of  17  s.  The  noi.s«>  bandwidth  of  0.8(1  11/  is  e(|uivalenl  to  a 
lock-in  amplifier  wnh  tlx'  same  averaRiiiR  time.  Rut,  unlike  a lock-in  anq'lifier.  the  ratio- 
meter  is  insensitive  to  choppiiiR  harmonics,  ri'quires  no  phasi'-referenci'  input,  and  toler- 
ates moderate  drifts  (about  .S'';  1 in  the  choppiuR  frequency.  Automatic  Rain  control  (AC.C) 
copes  with  moderate  chaiiRcs  in  the  laser  intensity.  This  ACC  does  not  cau.si’  transient 
errors  in  the  ratiometer  oulimt.  a feature  required  because  of  the  loiiR  .setlliiiR  lime.  The 
ratiometer  error  is  less  than  0.2'';,  which  is  ncRliRible  with  res|ttH-|  to  other  measuri'iuent 
unv-ertamlies.  The  corriH-led  ratio  r of  the  moliile  to  stationary  di'tector  siRiials  takes  into 
account  both  the  rati.uneti'r  output  A’  as  well  as  the  pri'amplifier  Rain  seltiiiRS.  .Sime  an 
inteRer  Rain  seltiiiR  of  K corresponds  to  an  actual  Rain  (.’  of  l()s’'l,  the  ratio  r of  the  mobile 
to  stationary  detector  siRiials  is 
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So,  in  practice,  three  numl)ers  are  recorded  for  each  separate  extincti.ni  measurement: 
R,  (?ni.  “nd  gg- 

2.3  Meteorological  Instrumentation 

Meteorology  support  for  the  TRW  BDL  experiment,  which  was  providinl  by  NRL, 
consisted  of: 

• Two  micrometeorology  stations, 

• An  aerosol  particle-size  spectrometer  and  atmospheric  CO2  level  monitor,  and 

• A data-processing  system  for  rapid  reduction  of  meteorological  data. 

Each  of  the  two  micrometeorology  stations  was  situated  near  an  end  of  the  low- 
power  propagation  path.  One  micrometeorology  system  was  housed  in  the  electronics 
trailer  and  was  located  at  the  site  on  Camp  Pendleton  (Fig.  1).  The  other  micrometeorol- 
ogy  system  was  associated  with  the  NRL  meteorology  van  and  was  located  near  the  1.6-km 
BDL  target  site.  The  two  micrometeorology  stations  are  duplicates.  Figure  11  is  a block 
diagram  of  tliese  stations.  Measurements  include  wind  sfieed,  vertical  and  horizontal  wind- 
direction  components,  air  temperature,  barometric  pressure,  dew  point,  and  solar  insola- 
tion. The  sensors  for  each  of  these  measurements  are  mounted  on  a portable  tower 
approximately  5 m higii  and  separated  approximately  25  m from  the  station  itself. 


SENSORS 


KiR.  1 1 — MolooroIoRical  mcBsuremont  systom 
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All  moti'orolonical  paramotors  shown  in  Fi‘>.  11  are  recorded  each  second  along  with 
date  and  time  on  digital  tape  at  each  meteorolog>’  station  by  the  data  acquisition  system. 
Most  of  the  sensors  used  in  the  meteorological  mciusurements  are  calibrated  prior  to  field- 
ing the  experiment,  primarily  using  factory -supplied  calibrations.  Exceptions  are  the  dew- 
point measurements.  These  units  are  calibrated  |H'rit>dically  throughout  a day  by  a simple 
switch  to  calibrate  o{)eration. 

In  addition  to  the  instrumentation  used  for  measurements  shown  in  Fig.  11,  the 
NUL  meteorology  van  conbiins  an  atmospheric  CO2  monitor  and  an  aerosol  particle-size 
spectrometer.  The  aerosol  particle-size  spectrometer  is  a Piirticle  Measuring  Systems,  Inc. 
(PMS)  device  capable  of  counting  particles  in  four  size  ranges  from  0.1  pm  to  4.0  pm  in 
radius.  The  sampling  head  for  the  aerosol  |)article-size  sjH’ctrometer  is  mounttHi  on  a sep- 
arate tower  near  the  other  meteorological  sensors.  All  measurements  are  digitally  recorded, 
and  the  data  are  processed  off-line. 

In  addition  to  the  meteorology  station  used  at  the  transmitter  end  of  the  5.65-km 
path,  the  electronics  trailer  houses  an  extensive,  computer-based  data  acquisition/processing 
system,  including  a Nova  1220  computer  with  a 32K-word  memory,  thnn*  Link  tape  drives 
with  a self-contained  operating  system,  a keyboard  CRT  display  with  hard  copy  unit,  a 
high-spwd  line  printer/plotter,  and  two  nine-track  digital  tape  drives.  The  computer  sys- 
tem is  vised  to  reduce,  average,  tabulate,  anvl  plot  metev>rok>gical  data  off-line  using  data 
tapes  producwl  during  the  experiments.  These  tapes  are  proct'ssed  off-line  at  about  an 
8-to-l  rvHluction  from  real  time  to  yieUl  tabulated  1-  and  10-minute  average  values  of 
each  of  the  meteorological  parameters.  In  addition,  time-history  plots  of  any  selwtvnl  set 
of  these  variables,  such  as  contained  in  the  next  section,  can  be  producevl  using  existing 
programs. 


2.4  Pnvcedures  Used  for  Data  Acquisition, 

Reduction,  and  Analysis 

A particular  sequence  of  laser  line  measurements  was  usvhI  throughout  the  experi- 
ment (sv'c  Table  2)  for  the  following  reasons: 

• Initial  optical  alignment  of  the  OF  laser  cavity  anvl  external  transfer  optics  made 
use  of  a lleNe  alignment  laser  bv'am  refU'ctv'd  in  the  sixth  ordi'r  by  the  DF  la-ser  v'avity 
grating,  rv'sulting  in  a cavity  alignment  for  2633.979  cm"' . Only  a minor  grating  avljust- 
ment  was  then  required  to  produce  oscillation  on  the  PjS  DF  line  at  2631.067  cm"' . 
Accordingly  DF  laser  extinction  mv'asurements  were  pv'rformvHl  in  a sv'quence  starting 
with  the  P28  line. 

• Aftv'r  additional  lasv'r  line's  wv're  seU'cU'd  in  the  virdv'r  of  incrv'asing  wavenumlu'r, 
the  P28  line  was  rv'pv'ated,  followinl  by  a decrv'asing  order,  with  each  measun'ment  set 
t'nding  in  a third  mv'asurement  at  the  P28  line.  Thrv'c  distinct  nu'asurement  at  this  line 
provided  an  immvHliate  v'stimate  of  experinu'ntal  reproducibility  and  also  sitwhI  to  indicate 
temporal  variability  of  the  atmosphere  during  the  total  time  dv'votvxl  to  a long-path  measure 
ment  run. 
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TIu*  nioasurement  procwlure  involvwl  two  lUstinot  modes  of  operation,  depending 
on  the  location  of  the  mobile  detector.  A typical  day's  operation  usually  began  with  a 
measurement  of  the  detector  relative  respons*'  for  each  DF  laser  line  with  the  mobile 
tletector  placed  in  the  transmitter  trailer.  Thest>  runs,  designated  A runs,  were  made  to 
firovide  a day-to-day  measure  of  the  relative  responst*  of  the  two  detectors  and  associalinl 
measurement  electronics. 

After  an  A run  the  mobile  detector  would  be  movtH.!  to  the  receiver  trailer,  and  the 
transmission  ratios  would  again  be  measured  for  each  DF  lasi'r  line.  For  long-path  mea- 
surements the  reeeiver  was  located  about  5 km  from  the  transmitter.  On  some  days  how- 
ever the  receiver  trailer  was  placed  next  to  the  transmitU'r  trailer  to  make  the  zero-path 
measurements  ncedtHl  to  calihraU'  the  long-path  data.  When  the  mobile  detector  was  lo- 
cated in  the  receiver,  the  run  was  designated  a B run.  Becaust'  data  from  the  two  distinct 
tyiH's  of  B runs  must  be  processed  itifferently,  tlie  B-run  designations  were  later  changed 
to  BO  and  B5.  In  this  manner  the  processing  programs  were  able  to  distinguish  zero-path 
B runs  from  long-path  B runs. 

After  the  B run  the  mobile  detector  would  be  returned  to  the  transmitter  for  another 
s«'ries  of  measurements.  This  final  measurement  series,  designated  the  C run,  was  performed 
to  iletermine  whether  the  relative  responst'  of  the  two  detectors  and  associated  optics  had 
changiKl  appreciably  since  the  eiulier  A run.  The  processing  programs  preserve  the  separate 
ilesignation  of  the  C runs  but  otherwisi'  treat  them  as  though  they  were  A runs. 

The  ex|H’rimental  dala  were  recorded  in  notebooks  at  the  field  site.  These  data  were 
later  punched  onto  cards  and  then  transmitted  to  the  KRONOS  time-share  system  of  the 
CYBF,RNhT  computer  network  ojH'rated  by  Control  Data  Corporation  via  a remote  batch 
terminal.  The  raw  data  include  the  measured  ratio  of  the  two  detector  signals,  the  gain 
settings  for  the  two  preamplifiers,  and  an  identification  for  each  of  the  22  DF  laser  lines 
investigated.  Similar  measurements  were  also  made  for  the  single  1.06-/;im  line  of  the  Nd- 
YACt  laser. 

A series  of  15  computer  programs  was  develops!  for  processitig  data  from  the  trans- 
mission experiments.  These  FORTRAN-language  programs  were  intended  for  interactive 
processing  on  the  KRONOS  system. 


2.4.1  Program  l)02KMH:  Zero-Path  Ratio 
, Cnrir  Fitting 

I Program  D02KMn  proct'sses  all  of  the  zero-path  mea.surements  (A,  BO,  and  C runs). 

Kach  mca.surement  is  first  matched  with  the  spectral  wavenumber  of  the  laser  line,  and 
i then  the  rtvordixl  ratio  is  appropriately  .scaled  to  the  pn'amplifier  gain  .settings.  A It'ast- 

;!  .s(|nan's-error  polynomial  is  calculaletl  for  the  wavenumber-ratio  pairs  in  each  run.  Based 

, on  the  significance  of  the  improvement  in  the  fit’s  coefficient  of  determination  that  could 

^ lie  obtained  by  using  a higher  order  polynomial,  the  program  antomalieally  .selects  a curve- 

fit  polynomial  of  not  more  than  third  order. 
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'I'lu'  resulting  polynomial  is  evaluatod  at  the  waveiiumhers  eorrespondinj;  to  each  mea- 
surixl  line.  The  scaled  ratio,  its  deviation  from  the  calculated  polynomial  value,  and  that 
ileviation  relative  to  the  statulard  deviation  of  the  other  (loints  in  the  fit  are  all  written  to 
the  printer  output  file.  The  polynomial  coefficients  are  written  to  a separate  file,  from 
which  they  can  later  be  read  by  projo-am  D03KMH. 

A curve  fit  of  the  measured  ratios  offers  several  advantanes.  It  allows  the  calibration 
points  to  be  interpolated  to  cover  lines  which  may  have  been  misst'd  during  the  zero-path 
calibration  runs.  The  curve  fit  also  tends  to  smooth  some  of  the  variation  observed  in 
the  data.  Finally,  the  curve  fit  and  its  related  output  provide  an  e.\cellent  method  for 
examining  the  tlata  for  potential  errors  which  may  have  occurred  in  the  data-recording 
process.  Past  experience  has  generally  uncovered  a few  lines  (less  than  1%)  whose  mea- 
surement piuameters  were  not  correctly  transferred  from  the  experimenter’s  notebook  to 
the  iniHit  data  file.  (A  new  automatic  data-logging  procedure  will  hopefully  eliminate 
most  of  these  problems  during  future  experiments.)  The  most  common  of  these  errors 
occurs  when  an  incorrect  spectral-line  identification  causes  the  measured  line  to  become 
associated  with  the  wrong  spectral  wavenumber.  Since  a gross  error  for  one  line  can  ad- 
versely afft'ct  the  final  results  obtained  for  all  the  other  lines,  errors  of  this  type  should 
be  located  and  corrected  as  early  as  possible.  In  practice  the  D02KMH  program  is  often 
run  two  or  three  times  before  all  of  these  errors  have  been  eliminated. 


2.4.2  Program  D03KMH:  Zero-Path 
Tra nsm ission  Calculat ions 

For  each  zero-path  run,  program  D03KMH  reads  the  polynomial  coefficients  from 
the  file  generated  by  program  D02KMH.  The  polynomiiil  is  ev;iluated  at  the  wavenum- 
bers corresi)onding  to  each  of  the  22  DF  laser  lines  (even  if  a particular  line  may  have 
been  omittwl  from  the  zero-path  calibration  run).  After  all  the  zero-path  runs  occurring 
on  a given  day  have  been  processed,  the  A run  is  averagini  with  the  C run  (if  the  latter 
run  was  made);  the  BO  runs  are  averagcxl  if  more  than  one  of  these  runs  were  made 
For  each  line  the  ratio  of  the  average  of  the  B runs  to  the  average  of  the  A and  C runs 
represents  the  actual  transmission  of  the  transmitter-receiver  system  at  that  corresponding 
wavenumber.  It  is  this  transmission  coefficient  that  is  used  to  normalize  the  long-path 
measurements. 

Ideally  there  should  be  no  difference  between  the  A run  performed  prior  to  the  B 
runs  and  the  C run  perfornuHi  afterward.  The  program  output  must  be  examined  to  de- 
termine whether  the  system  response  changwl  apprtx’iably  between  the  A run  and  the  C 
run.  It  may  be  neces.sary  to  discard  data  from  days  when  a significant  change  was  observed. 


2.4.3  Program  1)04  KM  II.  Zero-Path 
Correction  Factors 

I’rogram  DOlKMIl  reads  the  transmissions  from  the  file  generated  by  program 
DOdKMIl.  For  each  OF  wavenumber,  the  program  calculates  the  average  of  the  zc'ro- 
path  transmissions  obtained  on  those  days  prior  to  the  long-path  runs  and  then  the  av- 
erage transmis.sion  obtained  after  the  last  long-path  measurement.  The  “before”  and 
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“after”  transmissions  are  linearly  interpolated  on  a day -by -day  basis  to  yield  the  best  es- 
timate of  the  zero-path  transmission  for  each  of  the  lonu  path-measurement  days. 

By  using  this  interpolated  transmission,  the  long-path  transmission  data  can  be  nor- 
malized to  determine  the  absolute  transmission.  Recall  that  to  calcvilate  the  long -path 
transmission  the  B-nin  ratio  is  dividtni  by  the  A (and  C)  run  ratio  of  that  day.  So  the 
absolute  transmission  will  be  the  long-path  transmission  divided  by  the  zero-path  trans- 
mission as  i.iterpolated  for  that  day.  The  program  combines  the  two  latter  quantities  to 
protluce  (for  each  laser  wavenumber  and  for  each  day)  a multiplicative  correction  factor. 
These  correction  factors  are  written  to  an  output  file  for  later  use  by  program  D05KMH. 


2.4.4  Program  D05KMH:  Laser  Extinction 
Calculations 

Program  D05KMH  calculates  the  absolute  transmission  for  each  line  measured  over 
the  long  path.  The  measured  ratio  is  first  scaled  according  to  the  preamplifier  gain  and 
is  then  normalized  by  the  correction  factor  appropriate  for  that  particular  spectral  wave- 
number  on  that  particular  day.  (This  latter  information  is  read  from  the  output  file  gen- 
erated by  program  D04KMH.) 

In  addition  to  the  absolute  transmission  the  coefficient  of  extinction  (based  on  the 
known  length  of  the  path)  is  also  calculated.  These  results  and  the  date,  time,  line  iden- 
tification, and  spectral  wavenumber  are  then  written  to  the  output  file. 

2.4.5  Program  D09KMH:  Molecular  Absorption 
Calculations 

Program  D09KMH  compares  the  extinction  coefficients  produciKl  by  program 
D05KMH  with  those  ciUculated  by  the  best  molecular  absorption  algorithms  currently 
available.  Each  of  the  22  DF  laser  lines  has  its  own  algorithm  which  expri'sses  the  mo- 
lecular absorption  as  a polynomial  function  of  both  air  temperature  lu^d  water-vapor 
pn'ssure. 

For  each  measured  line  an  input  file  of  meU'orological  data  is  si-anmnl  to  obtain  the 
air  temperature  and  the  water-vapor  pressure  at  the  time  of  the  optical  measurement. 
(Program  D15KMH  produces  the  meteorological  daUi  file  by  combining  the  meteorological 
measurements  made  at  each  end  of  the  path.)  Once  the  molecular  absorption  is  calculated, 
it  is  subtracted  from  the  observed  extinction.  Depending  on  the  quality  of  the  algorithm, 

I this  difference  represents  the  amount  of  extinction  due  to  nonmolecuhu'  effects.  These 

I effects  are  generally  attributt'd  to  aerosol  extinction,  and  the  latter  difference  is  referral 

I to  as  the  “derived”  aerosol  extinction  (D.AE).  Finally,  the  measured  extinction,  the  cal- 

culated molecular  absorption  (CMA),  and  the  derived  aerosol  extinction  an'  written  to  an 
output  file. 
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2.-f.6  Program  DIOKMH:  Aerosol  Extinction 
Calculations 

Since  the  wavenumber  dependence  of  the  aerosol  extinction  would  not  be  expected 
to  change  appreciably  over  the  wavenumber  nmge  of  tlie  DF  laser  lines,  it  is  assumed  that 
the  derivwl  aerosol  extinctions  produced  by  program  DOBKMH  either  will  be  constant  or 
will  viiry  slowly  with  time.  For  each  run,  program  DIOKMH  performs  a least-squares- 
polynomial  fit  of  the  derived  aerosol  extinction  against  time.  The  resulting  function  is  a 
polynomial  of  order  not  more  than  two. 

This  polynomiiil  then  represents  the  best  estimate  of  the  aerosol  extinction  during 
the  DF  laser  measurement  runs.  The  function  can  be  evaluated  for  the  time  correspond- 
ing to  a given  DF  measurement  to  obtain  a smoothed  estimate  of  the  aerosol  extinction. 
Tlie  latter  quantity  can  be  termed  an  “adjusted”  aerosol  extinction  (AAE).  If  the  adjusted 
aerosol  extinction  is  subtracted  from  the  observed  extinction,  the  resulting  difference  repre- 
sents an  “apparent”  molecular  absorption  (AMA).  Along  with  the  information  provided  on 
the  input  file  (generated  by  program  D09KMH),  the  adjusted  aerosol  extinction  mid  the  .ap- 
parent molecular  absorption  are  written  to  the  output  file.  The  output  file  is  used  by  pro- 
gram D08KMH  to  produce  molecular-absorption  graphs  and  by  programs  DllKMH  and 
D14KMH  to  produce  aerosol-extinction  graphs.  An  example  of  the  tabular  output  file  gen- 
erated by  program  DIOKMH  is  given  in  the  next  section. 

Program  DIOKMH  also  contains  coding  which  allows  data  from  specified  DF  la.ser  lines 
to  be  excluded  from  the  curve  fit.  Thus  lines  for  which  the  molecular-absorption  algorithm 
is  suspect  cmi  be  prevented  from  having  an  adverse  effect  on  the  nature  of  tlie  least-squares- 
polynomial  fit.  After  calculating  the  fit  without  these  lines,  the  program  then  uses  tlie  re- 
sulting polynomial  to  estimate  the  aerosol  extinction  for  the  excluded  lines.  As  for  the 
other  lines,  the  aerosol  extinction  thus  obtained  is  then  used  to  determine  the  apparent  mo- 
leculiu"  absorption. 

In  this  manner  an  estimate'  of  the  molecular  absorption  for  a suspect  line  can  be  pro- 
iluced  which  is  independent  of  the  estimate  provided  by  the  molecular-absorption  iilgorithm 
for  that  line.  When  the  absorptions  obtained  by  this  technique  agree  with  those  predicted 
by  the  algorithm,  the  quality  of  the  algoritJim  then  can  be  established  (at  least  to  within  mi 
overall  additive  constant).  Finally  large  discrepancies  between  the  apparent  molecuhu  ab- 
sorption mid  that  predicted  by  the  molecular-absorption  algorithm  readily  enables  the  iden- 
tification of  those  DF  laser  lines  whose  algorithms  require  further  refinement. 

2.4.7  Graphics  Programs:  D08KMH.  DllKMH,  and  D14KMH 

Programs  D08KMH,  DllKMH,  and  D14KMH  produce  graphs  which  are  intended  to 
provide  a niemis  for  visually  examining  the  results  of  the  optical  extinction  measurements. 
At  this  stage  the  data  are  further  refined  by  iteratively  graphing  the  DIOKMH  results,  ad- 
justing the  DIOKMH  input,  and  rerunning  the  DIOKMH  program. 


2.4.8  Program  D08KMH:  Molecular  Absorption  Graphics 

I’rogram  D08KMH  plots  the  apparent  niolecuhu  absorption  (obtained  from  program 
DIOKMH)  as  a function  of  water-vapor  pres.sure  for  each  of  the  22  DF  laser  lines.  .\  solid 


17 


r 


jm 


DOWLING,  ET  AL. 

line  indicalinn  a least -squares  fit  to  these  data  and  a dotted  line  representing  the  molecular- 
absorption  calculation  lue  also  shown  on  these  graphs.  The  graphs  allow  the  quality  of  the 
molecular -absorption  algorithm  to  be  estimated  by  obst'rving  whether  or  not  the  algorithm 
agrees  with  the  experimentally  determined  absorptions.  Those  lines  for  which  the  agree- 
ment is  not  good  can  Ih*  flagged  in  the  DIOKMH  input  file,  removing  them  from  the  curve 
fits.  The  apparent  molecuhir  absorptions  can  then  lie  recalculaUni  for  the  remaining  DF  laser 
lines.  Plots  gererated  by  program  D08KMH  are  included  in  Section  3. 

The  lines  singUni  out  by  thest'  graphs  are  given  a high  priority  for  further  investigation 
in  a series  of  independent  laboratory  measurements.  These  controlled  laboratory  measure- 
ments lead  to  newer  algorithms  for  those  lines.  Then  the  new  algorithms  are  compared  with 
the  long-path  extx'rimental  results.  This  process  is  now  being  carried  out  jointly  by  NRL 
and  Science  Applications  Inc.,  Ann  Arbor,  Michigan  [2,3]. 


'2.4.9  Program  D1 IKMH:  Aerosol  Extinction  Graphics 

EVogram  DllKHM  plots  the  derived  aerosol  extinction  (obtained  from  program 
DIOKMH)  as  a function  of  time  for  each  long-path-measurement  day.  The  curve-fit  esti- 
mates of  the  apparent  aerosol  extinction  produced  by  program  DIOKMH  are  also  included 
in  the  graphs.  Data  points  which  are  seen  to  deviate  significantly  from  the  calculated  fit 
can  be  further  scrutinized. 


2.4.10  Program  D14KMH:  Combined  Aerosol  Graphics 

lake  program  DllKMH,  program  D14KMH  produces  a graph  of  the  derived  aerosol 
extinction  as  a function  of  time  for  each  long-path-measurement  day.  In  addition  to  the 
DF  aerosol  determinations  at  3.8  pm,  tlie  Nd-YAG  extinction  measurements  at  1.06  pm 
are  included  in  these  graphs.  (Since  there  is  negligible  molecular  absorption  at  1.06  pm, 
tlie  observed  Nd-YAG  extinctions  are  attributed  to  aerosol  scattering  effects.)  Finally,  the 
aerosol  extinction  ciUculated  from  indejiendent  measurements  of  particle-size  distributions 
are  presented  for  comparison  purposes.  Examples  of  the  graphical  output  of  program 
D14KMH  are  presented  in  Section  3. 


3.  EXPERIMEN'FAL  RESULTS 
3.1  General  Comments 


As  stated  in  Section  1,  two  sepsuate  experimental  measurement  st'ries  were  conducted 
in  conjunction  with  the  JAN  propagation  test  series.  Tables  la  iuid  lb  summiunze  tlie  mea- 
surement schedule  during  each  series.  Table  la  lists  the  times  during  which  DF  extinction 
me;>surements  were  made,  including  those  runs  done  for  the  zero-path  c;ilibration  configura- 
tion described  earlier.  .Aerosol  piU'ticle  distributions  measured  with  thi'  PMS  aerostil  spec- 
trometer -system  in  tlie  NRL  meteorology  van  are  shown  in  this  section  of  the  report  for  the 
times  iiulicated  in  column  5 of  Table  la.  Table  lb  contains  simihu  infi>rmation  but  in  addi- 
tion includes  a list  of  the  BDL  shot  numlH'rs  ;md  times  and  lists  the  corresponding  times  f4>r 
which  PMS  data  are  shown. 


a 
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Table  la  — ExtiniTii)n  MeiLsurement  Schedule 
I'rior  To  Senes  B Tests 


KxtllU'tliMl 

I'MS 

Day 

Datf 

Mi’asurt'mfiU  I'mu* 

Dutu 

Start  [ 

KtsDnJ 

211 

7 30 

(iiTii  pathl' 

212 

7.31 

— 

213 

8 1 

_ 

217 

8,5 

1645 

1800 

1 700 

1800 

218 

8 6 

1615 

1745 

1600 

1700 

1 219 

8/7 

1420 

1515 

1 500 

220 

8 8 

1100 

1145 

1100 

224 

8 12 

1 700  ; 

1740 

1700 

225 

8 13 

1150 

1230 

1200 

1415 

1500 

1500  1 

226 

8 14 

1350 

1430 

NA  ! 

1545 

1630 

NA  1 

227 

8 15 

1 200 

1 230 

.200 

1630 

1715 

1700  i 

232 

8 20 

— 

— 

— 

1 233 

8 21 

— 

1 234 

8 22 

L - 

1 

. . 1 

— 

Table  lb  — Extinction  Measurement  luid  BDL  Shot 
Schedule  Inuring  Series  B Tests 
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3.2  Moasuromont-System  Optical- 
Kffk’iency  Calibrations 

Fijjiirfs  12  ;uul  13  ;iro  plots  of  tlie  optical-sysloni  officiem-y  versus  wavenumber  as  cie- 
termituxl  (luring  tlie  zero-path  runs  prior  anil  subsequent  to  the  5-km-path  meiLsurements 
using  tlie  proeedures  outhiuHi  in  Seeium  2. 1.2.  The  transmission  curves  obtained  for  tlie 
vanous  zero-patli  mexsurement  ilays  lusted  in  Tallies  la  and  lb  are  labeled  xs  to  day,  wiUi 
tile  solid  curves  obtiuneii  prior  to  and  tlie  dxshed  curves  subsi'quent  to  the  fi-km  data. 
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Fin.  lU  — Zoro  path  transmimions  vs  wavenumlmr  for  the  first  lest  series 
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Fi|!.  13  — Zr’ro  path  transmissions  vs  wavenumber  for  the  seeomt  test  series 
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Tlu'  i-urve  for  ilay  211,  unlike  Uio  other  eur\'es,  luiii  a seeoiui  ilenvative  tliat  is  markeiily 
nonzero.  t)n  ilay  211  the  zero-patli  ealihration  data  liui  not  span  tlie  entire  nui^e  of  I)F 
wavenuiniH'rs,  and  tlie  ends  of  this  eiirve  represent  an  extrapolation  of  the  least-si)iiares  i-iirve 
fit  performed  hy  proftrani  D02KM11.  That  is,  no  data  were  cihtiuned  for  Llie  repons  at  the 
ends  of  the  eurve.  Though  the  information  provideii  at  the  renter  of  the  curve  is  as  valid  as 
that  of  ;uiy  of  the  odier  curves,  the  ilay-211  curve  wits  suhseiiuently  discardeil  In'cause  of 
Uie  undesirable  (;md  wholly  artificial)  effects  introdiiceii  by  extrapolating  tlie  curve  fit. 

.Vs  seen  in  Fin.  12,  a nuLximum  spread  in  measureii  efficiency  of  67%  to  73%  for  any  one 
wavelennth  was  observed.  When  the  data  for  days  212  and  213  are  averaned,  the  resultinn 
curve  (averaninn  about  71%)  is  smoother  than  luiy  of  the  individual  runs.  The  zero-path-ilay 
data  taken  at  the  end  of  the  first  experiment  series  are  more  closely  clustered  and  yield  an 
average  tnuismission  of  about  66%.  This  5%  difference  imlicates  a loss  in  the  average  com- 
bined efficiency  of  the  ten  optical  surfaces  between  the  focal  point  of  the  transmitter  (Fig. 

4 land  the  entriuice  to  the  detector/integrator  (Fig.  6).  That  the  indiviilual  runs  taken  on 
ilays  232  through  23-1  are  more  tightly  grouped  jirobably  reflects  the  increitsed  precision 
n'ali/ed  in  the  measurement  procedure  which  the  fieki  team  gained  from  rei>ea(eil  practice 
in  data  collection  during  Uie  measurement  (leriod. 

The  zero-()ath  data  collecteil  during  tlie  second  measurement  series  associated  with  the 
BDL  tests  are  shown  in  Fig.  13.  The  average  efficiency  (initially  about  66'’;  ) shows  a smaller 
absolute  decrease  tluui  observeii  iluring  the  first  half  of  the  two-iiart  nii'asurement  series. 

The  averaging  and  daily  interpolation  [irocedures  descriln'il  in  Section  2. -1.3  were  u.sed  to 
moiiel  the  zero-i>ath  transmission  correction  factors  a('(>lied  to  eai'li  long-('ath  measurement 
using  the  data  shown  in  Figs.  12  and  13.  If  all  of  the  nins  shown  in  these  two  figures  were 
averagi'il  ;uui  used  ;us  a time-independent  correction,  then  a nuLxinumi  sjireail  of  efficieiu’y 
values  from  6-1%  to  73''c  wouki  be  includeil  in  the  average,  about  twice  that  observed  for 
averages  mckuling  only  those  runs  I'erformed  in  a 2-or  3-day  period  (before  or  after  a Ul-to- 
20-ilay  period  of  long-path  measviremenls). 

The  linerarly  interpolateil  o[Uical-efficiency  feature  inckiik'd  in  the  data-reduction  I'ro- 
cediire  is  a best  guess  under  the  circumstances.  It  is  inckuleii  because  evklence  in  Figs.  12 
and  13  (loints  to  a gradual  systematic  decrease  in  efficiency  over  the  exi'enmental  I'eriod  ilue 
to  continued  exposure  of  the  oi'tical  surfai'cs  ti'  the  environment. 


3.3  IK'tector  Kelative-Kesponse  Calibrations 

.■\s  (ireviously  described,  an  .-V  run  was  performeil  with  both  iletectois;  kicated  in  tlu' 
transmitter  trailer  ('rior  to  a long-|>ath  nm,  which  was  usually  followed  later  by  a C run  du- 
plicating the  .V-run  i-onfiguration.  Figuri's  l-l  and  lb  slimv  the  cuives  obtaineil  for  dett'ctor 
relative  response  as  a function  of  wavenunil'cr  on  each  of  tlie  k'lig-inith-nieasurciiicnt  days 
listi'il  in  Tables  la  and  lb.  Figure  1-1  shows  the  .■Vaiul-C-run  averages  used  to  nornialize  tiu' 
M-run  data  for  the  first  nieasurenient  session;  cotiii'arable  data  from  the  secoiul  session  arc 
shown  111  Fig.  lb.  In  all  cases  tlie  noriiia)i/atu>n  cuives  shown  are  generated  by  (a)  cx  aluatuig 
the  polynomial  fits  to  the  .\  ami  C runs  at  each  of  the  la.ser  frequencit's,  (bi  axcr.igmg  tlu- 
two  values  thus  obtaineil  ((irovided  both  an  A and  C run  were  made  on  a given  day)  and 
inverting  this  average  normalization  constant,  and  (c)  interimlating  between  numerical  values 
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llitis  ol)taiiuHl  with  slrai^lil  hill'  'I'lic  ilala  ^;|■al>lu•^^  tii  Kin,  K1  sluiw  a i-iuisistiMitly 

ri'|iri)iliu-il>li’  wavi'iumilxT  liciiciuli'iu'c  nf  the  family  of  normali/al ion  fiirvrs  accompanK'd 
liy  a nrailiial  \vav('li>nn(l)'m>l*'P*'<id*''’t  di'rri'asi'  iii  ii-spimsc  with  iiicri'a.'^mn  I'xpi'rmicntal 
(lay.  riiis  lii'havior  can  lie  atlnlmlcil  to  a .slinlil  liii fornil lal  (Icnradaluin  in  roflfii ivity  lif- 
Iwocn  the  chopper  ('  and  tiu*  flat  folilmn  mirror  followmn  '•  which  folds  the  licam  onto 
the  mohjic  detector  Ml)  m thi‘  calihration  po  i.ion  (Kin.  1). 

The  moliile  di'lector  was  rl•placed  prior  to  the  start  of  llie  second  senes  of  measiiremeiils 
due  to  a lo.ss  of  vacuum  m llie  hi|Uid  nilront’ii  dewar;  lienee  I lie  family  of  resiumse  cun  es  shown 
III  Kin.  If)  is  flaller.  In  holli  finures  the  maximum  channe  m respon.se  oli.served  at  any  one 
wavelennth  over  the  course  of  llie  experimental  session  is  api>roximalely  ■l‘'^  to  with  ahoul 
l'7'  to  l.r)''c''  channe  oliscrved  for  runs  made  on  consecutive  days.  'I'lie  latter  finure  is  typical 
of  I In'  variations  oh.sei'ved  lielween  values  measured  m A and  (’  runs  on  the  same  day  for  a 
niven  line  and  represents  llie  fundamental  reprodiiciliilily  inherent  in  the  measurement  (iro 
cediire. 

' The  .systematic  decrease  in  the  wavelennth  dependent  response  ratio  from  start  to  finisli 

of  an  experimental  .session  is  not  particularly  siniiificanl,  since  the  decleclor  relative  response 
IS  normah/.ed  daily  iisiiin  the  procedures  de.scrihed  earlier. 

j d.  l 'rahvilaliow  of  KeswUs  frmw  I’vonviwn  1>10KM11 

j 'I'lie  filial  output  from  (ironram  DlOKMll  is  iiresenled  in  Table  2.  This  listiiin  is  the  re 

j suit  of  four  iterative  refinements  of  llie  type  de.scrihed  in  Section  2. 

j 

j Initial  diffiv'ulties  with  the  l’|S,  l’|‘.l,  and  l’|  10  lines  led  to  their  exclusion  from  the  cune 

I fils  calculated  by  llie  pronram.  Sub.sei|uenl  refinement  of  the  1’|‘.)  and  l’|S  alnonthms  (Table  II) 

I liy  Woods  el  al.|2|  resulted  m their  successful  reinslalemeni  in  the  cur\'e  fils.  These  improved 

, alnorillims  enlianced  the  .self-consistency  of  llie  data  set  to  llie  iioini  where  similiar  (but  less 

' .severe)  difficulties  couhl  be  identified  willi  llie  l’|  0 and  I’.,  t lines.  Thus,  with  llie  molecular 

' absorption  alnorillims  now  availabli*,  the  liesi  anreemeni  between  the  obseix'ed  lounpatli  field 

measurements  and  the  llieorelical  predictions  (based  on  indc|)cndent  laboralorv  measiiremeiils) 
IS  achieved  when  the  l*|l).  I’,  10,  and  l\,  l lines  are  excluded  from  the  cuiTe  fils  used  to 
estimate  llie  aerosol  extinction. 

, Kor  each  I)K  line  measured  over  the  lonn  path.  Table  2 lists  the  day,  lime,  run  (MODK), 

j spectral  line  ideiilificalion,  wavenunilier  | l|,  air  temperature  T ("('),  water  vapor  pressure  1’ 

' (torr),  and  tin-  followiiin  coefficieiils  of  exlinclion  (km’):  the  measured  extinction  (K\T), 

the  calculated  molecular  absorption  (('M,\),  the  derived  aero.sol  exlinclion  (l'.\K),  the  .uliusted 
1 aero.sol  exlinclion  (A.\K.),  and  the  a|>par('nl  moleciiiar  absorption  (.\M,\).  I'lie  data  tabulated 

liere  were  used  to  produce  the  plots  presented  in  the  next  two  suliseclions. 
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Table  2 

UOI  PF  iF^fO  FFTIFarilOF  HF  ISlioFMf  NK  rtPIMRtNOi  l»T^ 


n*T*  r u r 

1 CBFAlfO 

Q>  riOXMHI 

iNTfNorr  ro» 

roxxMA, 

ni iKMh* 

*f.r 

r>t*8MA 

r**> 

T iMf 

•*OPf 

1 UF  . 

talVf  Nli**xrR 

T 

P 

r«T 

C*** 

n*f 

AA( 

AMA 

.’1 T 

|^«.7 

p.'.n 

?A7! .0A7 

lx.oo 

.07*7 

.0  7/0 

• 0*14 

. 0*78 

.0/AS 

’1  y 

lAM' 

»*> 

P.7-7 

;x«x  .xa  7 

1^.04 

.1/07 

.OOOX 

.0788 

.0*77 

.08/0 

U*«x 

MA 

;xxrt. 1 70 

>?,AA 

l?.X0 
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P3-6 

?S96,197 

76.96 

16.76 

.1165 

.0  305 

.0660 

.0637 

.0576 

770 

16S3 

96 

P?-!0 

"S6n.096 

76.99 

16.73 

.1311 

,0669 

.064? 

,061  R 

.0*93 

770 

t6S6 

R6 

P3-7 

7S70.S?? 

75.00 

l6.?3 

.1?3R 

,0660 

.0596 

.0613 

.0*75 

7?0 

16S9 

R6 

P?-l? 

?S?7.39l 

>5.01 

l6.?l 

.0975 

,0136 

.0509 

.05R9 

.033* 

770 

ISOO 

«6 

PI. 9 

;s?l ,769 

>5,06 

16. ?1 

.0913 

.0355 

,05eB 

• 05R4 

.0379 
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«6 

P3-10 

7696,7?! 

75,06 

16.71 

.lOR? 

• 0699 

,05P3 

.0576 

.0506 

770 

1S03 

R6 

P?-R 

7611 .067 

’5.06 

16. ?1 

,0R79 

.035R 

.0571 

.0570 

.0309 

770 

16?6 

«6 

•Pl-10 

766S.719 

75.13 

I6.?fl 

,1356 

.0375 

,0979 

,0769 

.0*05 

?’0 

1616 

R6 

•P?-6 

7777,109 

75.13 

16.76 

,1113 

,056fl 

,0S45 

.0710 
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770 
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R6 
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7767, 96R 

’5.06 

16,?S 

.1601 

.OR61 

.0540 

.0691 

.0710 

??6 

1700 

R5 

P?.R 

?631  .067 

19.60 

11.77 

.07?! 

.0300 

• 0671 

• 0690 

.0?6l 

776 

1701 

RS 

P?-7 

?6«S.R63 

19.57 

11.77 
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.09?1 

.0567 

.0690 

• 0696 

??6 

1704 

flS 

P?.6 

?6B0,179 

19,47 

1 1.76 

.1065 

.0693 

.05S? 

,0690 

.0565 

??6 

1705 

RS 

P1.9 

7691 .606 

19.63 

11.75 

.0763 

.0396 

.036  7 

.06R0 

.0?63 
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RS 

P?-S 

7701.999 

19,37 

11.75 

.0709 

,0?69 

• 0660 
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??6 
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R5 
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7717. S3fl 

19.33 

11.76 

.1715 

.1156 
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.1736 

776 
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RS 

Pl-7 

?76?,997 
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1 1.76 

,0790 
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RS 
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19,17 
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• 0691 
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RS 

Pl-S 
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19.10 

11.7? 
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.05R3 

.0635 

.0690 

.0536 

??6 

1716 

RS 
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19,09 

11.7? 
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,0?99 
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P3-S 
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19, OS 

U.73 
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17?7 
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IR.9R 

11.75 

.0970 
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1730 

RS 
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11.76 
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11.76 

.077  3 

.OUR 

.066S 
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.0746 
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.0473 

,0306 

.0360 

??*; 

1?17 

ns 

P2-iri 

2SOO.096 

21.01 
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os 
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os 
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,0396 

.0311 

??s 

i?ip 

ns 

03-P 

2SA6.37S 

21,03 

12.36 

.on76 

.0401 

.04QS 

.0401 

,0S7S 

?as 

1??0 

os 

P2-!? 

?S?7.3<;i 

21.04 

12.3S 

,0717 

.0316 

.0401 

.0406 

.0311 

laai 

05 

P3-9 

?S?| .7A9 

21  .OS 
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os 
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ns 
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12.30 

.0649 

,0313 
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OS 
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12.64 
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• 0410 

,030S 
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os 
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?7?7,309 
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12. S6 
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.0196 
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.0366 
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os 

• Pl-f 

2767.960 

21.6? 

l?.5l 

.0976 

.0769 

.0207 

,0346 

.0630 

225 

1427 

06 

P2-0 

?6‘>1 .067 

??.43 

12.07 

,0677 

.0307 

,0370 

.0310 

.0367 

2?S 

1426 

06 

P2-7 

?6eS.P63 

22.4? 

12.05 

.1161 

.0040 

.032! 

,0330 

,0031 

22S 

1430 

06 

P2-6 

2600.179 

22.41 

12.00 

.0977 

,0499 

.0470 

,0365 

.061? 

225 

1431 

06 

Pl-9 

269] .606 

22.40 

12.00 

.0700 

.0390 

.0302 

,030  1 

.0319 

225 

1432 

06 

P2-S 

2763.999 

22.30 

12.00 

.0696 

.0240 

.0440 

.0396 

.0300 

22S 

1433 

06 

Pl-0 

2717. Sift 

22.37 

12.00 

.1405 

.1196 

.0209 

.0409 

.1076 

225 

1434 

06 

Pl-7 

2742,997 

22.36 

\\.99 

.0656 

,0291 

.03*5 

.04?? 

,0234 

2?S 

1434 

06 

P2-3 

27S0.094 

22.36 

11.99 

.0734 

.0353 

.0301 

,04?? 

.031? 

22S 

1434 

06 

oi-S 

?792.434 

22.36 

11.99 

.0969 

,0506 

.0303 

,04?? 

.0547 

22S 

143S 

06 

P2-fl 

2631.067 

22. 3S 

11.99 

.0604 

,0305 

.0379 

.0433 

.0251 

22S 

1430 

06 

P3-S 

2617.306 

22. .31 

1 1 .99 

.0654 

.0194 

.0460 

.0450 

.0196 

22S 

1439 

06 

P2-9 

2609,006 

22.30 

1 1 .99 

,0099 

.0435 

• 04A4 

.n46<, 

.0435 

2?2 

1440 

06 

P3«6 

2S94. 197 

22.20 

11.99 

.0045 

.0265 

.0500 

,0469 

.0376 

22S 

1441 

06 

02-16 

2500,096 

22. ?7 

n .99 

.1150 

.064? 

.0516 

,0472 

,0606 

2?S 

1441 

06 

03-7 

2570. S22 

22.27 

1 1 .99 

.100? 

.061  1 

.0471 

.047? 

.0610 

225 

1442 

06 

p2-n 

2503. 9S2 

22.26 

11.90 

.0050 

.0333 

.0525 

,0474 

.0304 

225 

1443 

06 

03-0 

2546. 37S 

22.25 

11.98 

.0961 

• 0474 

.0407 

.0475 

.0406 

225 

1444 

06 

02-12 

2S?7.39l 

’2.23 

1 1.90 

.0099 

.0309 

.0590 

.0475 

.0424 

22S 

1446 

06 

03-9 

2S21 ,769 

22,20 

11.98 

.0743 

,0327 

.0416 

,0471 

.027? 

225 

1447 

06 

P3-10 

2496.721 

22.10 

1 1 .90 

.0925 

.0460 

.04C7 

,0467 

.0450 

2?S 

1447 

06 

P2-0 

2631.067 

22. 1« 

11.90 

,0677 

.0305 

.037? 

.0467 

.0210 

22S 

1429 

06 

•Pl-10 

2665,219 

22.4? 

12.0? 

,0795 

.0321 

• 0474 

.0340 

.0447 
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1433 

06 

•P2-4 

?7?7,309 

22.37 

12.00 

.0763 

.0477 

.0206 

.0409 

.0354 

2?S 

1434 

06 

•Pl-6 

2767,960 

22.36 

11.99 

.0967 

,0735 

.0?-«2 

.04?? 

.0545 

226 

1359 

OS 

O?-0 

2631.067 

21  .46 

12.22 

.0692 

.0311 

.0301 

.0368 

• 0324 

2?6 

1400 

OS 

P2-7 

2609,063 

21.44 

12.23 

.12.15 

.0054 

.0301 

.0302 

.0053 

226 

1401 

os 

P2-6 

2600.179 

21.44 

12.23 

.0922 

• 0511 

.0411 

,0395 

,0527 

226 

140? 

OS 

Pl-9 

2691.606 

21.44 

12.23 

.0796 

• 0406 

.0390 

.0407 

.0389 

226 

1403 

OS 

p?-s 

2703.999 

21.44 

12.24 

.0607 

.0256 

.0431 

.0418 

.0269 

226 

1404 

05 

Pl-0 

2717.530 

21.44 

12.24 

• 1694 

,1217 

.0477 

.0427 

.1267 

226 

140S 

OS 

Pl-7 

274?. 997 

21.44 

12.24 

,0690 

.0300 

.0399 

,0436 

• 0262 

226 

1406 

05 

P2-3 

?7«0.094 

21.44 

12.24 

.0030 

.0364 

.0466 

• 0443 

.0397 

2?6 

1400 

05 

Ol-S 

279?. 434 

21.45 

12,25 

.0969 

• 0602 

.0367 

,0455 

.0514 

226 

1409 

OS 

P?-0 

2631 .067 

21.45 

12.25 

.0600 

• 031? 

• 0360 

.0459 

.0221 

2?6 

1413 

OS 

P3-S 

2617.306 

21.45 

12.26 

.0735 

.0199 

.0536 

.0464 

.0271 

226 

1413 

OS 

P2-9 

2605,006 

21.45 

12.26 

,0937 

.0445 

.049? 

.0464 

.0473 

226 

1414 

OS 

P3-6 

2594.197 

21.45 

12.26 

.0770 

.0271 

.0499 

.0463 

.0307 

226 

141S 

OS 

P2-10 

?SO)Y.096 

21 .45 

12.26 

.1116 

• 0647 

.0469 

.0460 

.0656 

226 

141S 

OS 

P3-7 

2570. S?? 

21  .45 

12.26 

.1037 

.0617 

.04?0 

.0460 

.0577 

226 

1416 

05 

02-11 

25*3,99? 

21.44 

12.26 

,0020 

.0330 

.040? 

.0457 

.0363 

226 

1417 

OS 

P3-0 

2546,375 

21.43 

12.26 

.0970 

.0400 

• 0490 

.0452 

,0526 

226 

1410 

OS 

02-1? 

2S27.391 

21.42 

12.26 

.0735 

.0315 

.0420 
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226 
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05 
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21.39 

12.25 
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os 
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12.25 
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.0475 

.0461 
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226 
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os 

02-0 
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21.37 

12.25 
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.031? 
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.024? 

226 

1401 

os 
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?6AS.?19 

21.44 

12.23 
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226 
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OS 
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21  .44 

12.24 
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,0337 
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.0398 
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OS 
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2767,960 

21  .44 

12.24 
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, 0 ’ 6 .■* 

, 0 4>4« 

1?.'  7 

BS 

• o?-«. 

; 7?  7 , 'OB 

’4  IS 

11.71 

.M4  1 

,0S?4 

.OM  7 

.0  7p’ 

.0  181 

.'•*'8 

1?." 

BS 

• O • - p 

;7p7,9pH 

’4.71 

11,74 

. 1 194 

.0801 

. O’^s  1 

, 0 76  7 

.0614 

• nf»y07F«;  wfcf  Mriunrn  twoM  7».r  nnJvr  r\^, 


IL 
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Table  2 — (Continued) 

OF  LASER  EXTINCTION  MEASORFMENTS  CAPISTRANO*  IRTS 
OATA  files  created  P>  CIOANHt  INTENOFC  FOR  OOSAMH*  OIIKMH*  ANf  niAKMh 


DAT 

time 

POOF 

LINE 

havenumper 

T 

P 

EXT 

CMA 

DAE 

AAE 

AMA 

?5R 

1507 

P5 

P7.R 

7631.067 

30.50 

11.70 

.067? 

• 0785 

.0137 

.0095 

.0377 

P59 

1509 

R5 

P7-7 

7655.663 

30.69 

11.10 

.088? 

• 0766 

.0116 

.0179 

.0753 

?5R 

1511 

B5 

P7-6 

7670.179 

30.60 

10.99 

.0631 

• 0661 

• 0190 

• 0161 

• 0670 

?59 

1517 

B5 

Pl-9 

7691.606 

30.60 

10.96 

,0578 

.0356 

.0177 

.0175 

• 0353 

?S9 

1513 

R5 

P7-5 

7703.999 

30,67 

10.09 

.0616 

.0709 

.0707 

.0189 

.0777 

?SR 

1516 

55 

Pl-R 

7717,538 

30,69 

10.77 

.1760 

.1096 

• 0166 

.0776 

.1036 

?5R 

151A 

P5 

Pl-7 

7767,997 

30.56 

10.76 

,0665 

.0735 

.0710 

.0760 

.0197 

?S9 

1570 

R5 

P?-3 

7750,096 

30.63 

10.76 

.0556 

.0793 

.0761 

.0766 

.0780 

?59 

1573 

R5 

Pl-5 

7797.936 

30.76 

10.7? 

.077? 

• 0697 

.0775 

.0788 

• 0636 

?59 

1576 

R5 

P7-A 

7631.067 

30.77 

10.71 

.05?» 

• 0776 

• 0768 

.0793 

.0779 

?59 

1575 

R5 

P3-5 

7617.386 

30.01 

10.71 

.0689 

• 0163 

.0376 

.0798 

• 0191 

?S9 

1577 

R5 

P?-9 

7605.806 

30.88 

10.69 

.0669 

.0301 

• 0768 

• 0306 

• 0363 

?S9 

157P 

R5 

P3-6 

7596.197 

30.91 

10.60 

,0586 

,0736 

• 0368 

-.0309 

.0775 

?59 

1530 

R5 

P7-10 

7580.096 

30.98 

10.67 

.0996 

.0609 

.0385 

• 0313 

.0681 

?S9 

1531 

R5 

P3-7 

75‘>0.5?? 

30.99 

10,66 

.0966 

.0573 

.0371 

• 0313 

• 0631 

7«i9 

1533 

R5 

P7-n 

2553.95? 

3V.OO 

10,65 

.0600 

.0798 

.030? 

.031? 

.0788 

759 

1535 

R5 

P3-A 

7566,375 

31.01 

10.63 

.0791 

.0630 

.0353 

• 0308 

• 0683 

759 

153A 

«5 

P7-17 

7577.391 

31,0? 

10.61 

.0560 

.077? 

.0788 

.0797 

• 0?63 

759 

1560 

R5 

P3.9 

?5?l ,769 

31.03 

10,59 

.0613 

.0789 

.0376 

.0786 

.0377 

759 

1567 

R5 

P3-in 

7696.771 

31,06 

10.57 

,0670 

.0673 

.0767 

,0771 

,0  399 

759 

1563 

R5 

P7-R 

7631,067 

31,05 

10.57 

.0675 

.0770 

• 0705 

,0763 

• 071? 

759 

1510 

P5 

•Pl-io 

7665,719 

30,69 

1 1 .06 

,0577 

.078? 

.0795 

• 0165 

• 06  3? 

759 

1517 

R5 

• P7-6 

7777.309 

30.53 

10,77 

.0560 

.0617 

.0173 

.073T 

.0303 

759 

1571 

R5 

•Pl-6 

7767,960 

30.67 

10,76 

.0690 

.0635 

.00*5 

.0776 

.0616 

7N0 

133« 

A6 

P?-A 

?6il .067 

P9, 16 

17.89 

.0500 

.0376 

.0176 

.0136 

.0366 

?h(\ 

1339 

P6 

P?-7 

?6e5.863 

P9. 1 3 

17.91 

,1009 

.0898 

.0111 

.015? 

.0857 

?N0 

1 367 

Q6 

P7-6 

7680,179 

79,10 

1?.96 

.0853 

,05?7 

.0176 

.0701 

.065? 

7#.e 

1363 

n6 

Pl-9 

7691 .606 

79.09 

17.98 

.0639 

.061? 

.0’?7 

.0716 

.0673 

7^0 

1 366 

R6 

P?-5 

7703.999 

79,08 

13.00 

• 0678 

.0355 

.0773 

,0?*)O 

• 0?68 

7F«0 

1366 

R6 

Pl-P 

7717. S-'P 

79,06 

13.07 

.1500 

.1337 

.016*S 

.0756 

• 1?m6 

760 

1369 

P6 

01-7 

7767.997 

79,0? 

13.06 

.0575 

.0791 

.0??6 

.0791 

.0736 

760 

1351 

P6 

P7-3 

?7eo.096 

’9.00 

1 3.05 

,0690 

.0363 

,0377 

• 0311 

.0379 

760 

1355 

P6 

Pl-5 

7797,616 

78,95 

13,07 

• 0856 

.0615 

.07?9 

,036? 

.051? 

760 

1359 

B6 

P?.P 

76'>1,067 

78.90 

13,09 

,0568 

.0331 

.0?-»T 

.036? 

.0706 

760 

1600 

R6 

P3-5 

7617, 3«6 

70.89 

13.09 

,0587 

.0700 

.0387 

.0365 

.0??? 

760 

16('? 

R6 

07-9 

7605.806 

78.88 

13.11 

.0811 

.0663 

• 0368 

.0369 

.066? 

760 

1603 

A6 

P3-6 

7596,197 

78.87 

11.1? 

.0761 

.0?81 

• 0680 

.0371 

.0390 

760 

1606 

R6 

P7-10 

7580.096 

70,86 

13.13 

,1096 

.0665 

.0651 

.0371 

.07?5 

760 

1606 

R6 

P3-7 

7570.577 

78.85 

13.15 

.109? 

.0613 

.0679 

.0370 

.07?? 

760 

r-07 

P6 

p?-n 

7583,95? 

78.86 

13.16 

,0667 

.0333 

.0336 

.0369 

.0798 

760 

1609 

P6 

P3-P 

7566, ■»75 

78.83 

13.17 

.0871 

.0675 

.0386 

.0363 

.0508 

760 

1610 

P6 

P7-17 

7577.191 

78,8? 

13.18 

.0775 

.031? 

• 068^ 

.0360 

.0615 

760 

16I? 

R6 

P3-9 

7571.769 

78,81 

13, ?0 

.0766 

.0330 

.0616 

.0351 

.0393 

760 

1613 

P6 

03-10 

7696,771 

78,80 

13.71 

.0756 

.0671 

,0783 

.0365 

.0609 

760 

1616 

P6 

P7.P 

76*>1  ,067 

78.80 

13.?? 

.0506 

.0336 

.0170 

,0338 

.0166 

760 

136  1 

P6 

•Pl-10 

7669.719 

P9. 1 1 

1?,95 

.0656 

,033? 

.0376 

,01«5 

.0671 

760 

1365 

R6 

• P7-6 

7777.109 

79,03 

13.03 

.0603 

.051? 

.009) 

.0?fi0 

.0373 

760 

1356 

R6 

•Pl-6 

7767,968 

78,96 

13.06 

.0978 

,0775 

.0703 

.0335 

.0663 

760 

1660 

P7 

P?.8 

?6*»1  .067 

78,99 

13.19 

.0560 

.0333 

.0777 

,0770 

.0360 

760 

1660 

87 

P?-7 

7658,863 

PR,9Q 

13.19 

.1115 

,091Q 

.0196 

,0770 

.0895 

760 

1661 

P7 

P?-7 

7655.863 

P9.01 

13,18 

.1115 

.0918 

.0197 

.0776 

.0889 

760 

1666 

P7 

P?-6 

7680.179 

’9,05 

13.17 

.0877 

,0536 

.036  1 

• 0766 

.0633 

760 

1667 

P7 

Pt-9 

7691.606 

79,08 

13.13 

,0658 

.0616 

.076’ 

,076? 

.0396 

760 

1650 

P7 

P|-8 

7717.518 

79.09 

13,06 

.1563 

.1361 

.0707 

.0780 

• 1 763 

760 

1653 

P7 

P?-8 

76‘‘1  .067 

’9.11 

17.99 

.0596 

.0378 

.0168 

,0798 

.0798 

?60 

1656 

R7 

P?-0 

7605.806 

79.1? 

17. R3 

.0863 

,0657 

• 0606 

.0316 

.0567 

?60 

1659 

P7 

P3-7 

7570, 5?7 

79,16 

17.86 

.0967 

.0608 

.0359 

.0336 

.0631 

760 

150> 

R7 

PT-8 

7566, 3T5 

79.71 

17.79 

,0868 

,0669 

.0379 

.035’ 

.0696 

?60 

1505 

R7 

P?-8 

?6*‘1.067 

79,3? 

17.7? 

.0631 

.03’? 

,0309 

.0370 

.0761 

• OENOTfS  i INFS  Wt-ICH  WFOE  EXCLUOFO  FROM  T^•F  CUOVF  FIT. 
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Table  2 (Concluded) 

•4PI  or  riTiNCTtOK  Wf ASORfMCNTS  CAPISTRANO*  197S 


OATA  ritn 

CRCiTfO 

B>  CIOAAHI 

1 INTCnOPC  for 

roiBMH, 

1 OllHAH 

'•  PNC 

ni4KM»> 

OAt 

TINF 

poor  LiNf 

piyrNiiMBFia 

1 T 

P 

FIT 

CB* 

0*2 

AAf 

AM0 

?t>\ 

1669 

BS 

P2-B 

7611.067 

76.91 

13.62 

.070? 

,0  944 

• O300 

.077? 

.0430 

164R 

B4 

P?-7 

26SS.B69 

76.20 

13.63 

.1100 

.0954 

.0??6 

,0?7? 

.0900 

?61 

lrtS3 

BS 

P?-6 

26P0.179 

76.03 

19.61 

.0901 

.0561 

• 0140 

,027? 

• 0629 

?h\ 

1AS4 

B5 

PI. 9 

2691.606 

0S.99 

13.60 

,0777 

.0416 

.0341 

.027? 

.0505 

?b\ 

loss 

R4 

P?.S 

2701.999 

7B.9S 

19.59 

,0509 

.0275 

.0914 

.027? 

.01)0 

?b\ 

1067 

BS 

Pl-0 

7717. S3B 

7S.07 

19.50 

.1560 

.1901 

.0107 

.027? 

.1296 

?«1 

nil 

BS 

PI-7 

274?. 997 

7S.79 

13.29 

.0451 

.0109 

.014? 

.0?7? 

.0179 

?6I 

nil 

A4 

P?-3 

27«0.094 

7S.79 

13.29 

.0614 

,0379 

.0?S5 

.027? 

.0367 

?b\ 

1119 

AS 

Pl-S 

2792.414 

7S.7? 

13.17 

,070? 

.0613 

.0149 

.027? 

• 0510 

?M 

1114 

AS 

P?-A 

?61| .067 

0S,77 

11.14 

.0456 

.0137 

.0104 

.027? 

• 0)04 

761 

1116 

AS 

P9-5 

7617. 1A6 

75.79 

19.09 

.0441 

.0205 

.0216 

,0270 

.0169 

761 

niA 

AS 

P?-9 

26OS.0O6 

75.76 

13.04 

.0794 

.0466 

.0370 

.027? 

.052? 

761 

1120 

AS 

P3-6 

2S94.197 

75.70 

13.00 

.0656 

.O?0? 

• 0374 

.027? 

.0304 

761 

1121 

AS 

P2-10 

7SP0.096 

05.79 

17.97 

,1077 

.0649 

.0370 

.J27? 

.0755 

761 

1122 

AS 

P3-7 

2B70.B?? 

75.00 

1?,95 

.0091 

.0610 

.0271 

.027? 

• 0619 

76 1 

1123 

AS 

p?-n 

?S«1.9S? 

0S.07 

12.91 

.0590 

,0337 

• 0261 

.027? 

.0326 

761 

11 2S 

BS 

P3-A 

2S46.37S 

0S.04 

17.05 

,0701 

,0479 

• 0304 

.027? 

• 0511 

761 

1126 

AS 

P?-l? 

2S27.191 

05. 0S 

12.06 

,0501 

.0114 

.0269 

.0270 

.0311 

761 

1120 

AS 

P3-9 

7S7I.769 

75.05 

12.0? 

,070? 

.0132 

.0170 

.027? 

.0410 

761 

1129 

AS 

P3-I0 

2496.771 

75.59 

17,79 

.0796 

.047? 

• 0374 

.027? 

.0524 

761 

1191 

A4 

P?-A 

7631.067 

75.93 

17.75 

.0491 

.0373 

.0160 

.0772 

.0719 

761 

lOSl 

AS 

•Pl-10 

766S.219 

06.1? 

11.6? 

,0745 

,0356 

.0309 

.027? 

.0473 

761 

lOSR 

AS 

• P?-4 

2777.309 

05,70 

13.57 

.0709 

,0510 

.0?«l 

.027? 

.0517 

761 

in? 

AS 

•PI-6 

7767,960 

05,7? 

13.70 

,0075 

.0795 

.0010 

.0272 

.0553 

76? 

1101 

AS 

P?,S 

7631.0*7 

04.94 

1 1 .60 

,0740 

.0097 

.0441 

.04)9 

.0171 

?6? 

no? 

oe 

0?-T 

?6«S.4*1 

74.9* 

1 1 .66 

.1790 

.0010 

.0400 

,0407 

,007) 

?67 

1104 

P?.6 

7600,1 79 

0S,O0 

n.55 

.09S4 

,0474 

.0400 

.0469 

,0407 

767 

nil 

A6 

Pl-9 

26C 1 .606 

0S.14 

n.49 

.00*1 

.0179 

• 0400 

.0407 

.0374 

76? 

1117 

AS 

P?-S 

2701.999 

05.16 

11.47 

.0710 

.0?11 

.0507 

,0491 

.0045 

76? 

1114 

AS 

Pl-4 

7717. SIA 

0S,7O 

11.41 

,1*79 

.1147 

• 0400 

.0505 

.1)24 

76? 

1 116 

AS 

Pl-7 

?T4>,997 

0S.40 

1 1 .46 

.0664 

.0767 

,0197 

.os?s 

.0139 

76? 

1120 

AS 

P?.3 

27so,094 

05, 55 

1 1 .49 

.0976 

,0179 

.0597 

.0534 

.0392 

76? 

1126 

AS 

Pl-S 

2797.414 

75,95 

11.59 

.1016 

.0554 

,0400 

.0550 

.0470 

767 

n?6 

AS 

P?-A 

2611 .0*7 

06.09 

11.69 

.0711 

,0796 

.0475 

.0565 

,0166 

76? 

1 1 96 

AS 

Pl-S 

2617.306 

06.00 

17.06 

.0776 

.0109 

.0507 

• 0504 

.0197 

76? 

1139 

AS 

P?-A 

260S.A06 

0S,00 

12. ?S 

.1115 

.0439 

.0*76 

.0500 

.0527 

76? 

1149 

AS 

Pl-6 

?S94..19f 

75.66 

12.65 

,0977 

,0775 

.06*7 

.0597 

.0135 

76? 

1 isi 

AS 

P7-I0 

7S0O,O96 

05.66 

17,65 

. 1 099 

.0645 

• 0604 

.0590 

.0709 

76? 

ns? 

AS 

P7-7 

?S70,S?? 

05,66 

17,65 

.1054 

.0613 

• 064) 

.0590 

.0664 

76? 

nS4 

AS 

p?-n 

?S« 1,9S? 

0S.66 

17,65 

,0000 

.0114 

,0540 

,0507 

.0795 

76? 

11  S6 

AS 

P3-0 

7S46, 17S 

0S.66 

17.65 

.1169 

.0476 

• 0691 

,0504 

.0505 

76? 

ns9 

AS 

P?-|7 

2S77.39I 

05.66 

17.65 

.0914 

.031? 

.060? 

.0570 

.0156 

76? 

1?01 

AS 

Pl-R 

;S?1 .769 

75,66 

17.65 

,0010 

,0110 

.0500 

.0574 

,0756 

767 

1?09 

AS 

Pl-10 

2496.771 

05.66 

17.65 

.1015 

• 0470 

• 0545 

,0560 

• 0447 

76? 

1207 

AS 

P?-A 

2671,0*7 

75.66 

12.65 

.0701 

.0171 

• 0460 

.0555 

.0776 

?67 

1106 

AS 

•Pl-lO 

?6*S,719 

05.04 

11. 50 

.0069 

.0104 

,0565 

.0455 

.04)4 

76? 

ins 

AS 

•P?-4 

2777.309 

7S.?? 

11.41 

.0061 

.0449 

• 04)4 

.05)0 

.0151 

76? 

1121 

AS 

• Pl-6 

27*7.960 

05.6? 

11.51 

.1110 

.0695 

.04)5 

,0519 

.057) 

• nrNOTf<  Ll^rs  wwTfN  ^FRF  fACLOOFO  rpOM  TkC  CURVE  FIT. 
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Table  3 — CtH'ffieieiits  for  tlie  Moleeuhir  Absorption  Aluorilhtn 
((’MA  = AO+Al*T+A2*lMr20+A3*T*l'U20+Al*rH20*rH‘20+A5*’r*PH20*l'H20) 


DF 

LINK 

AO 

A1 

A2  A3 

A4  Ab 

I*.,  10 

2.780K-02  -l.bO-lK-Ob 

2.102E-03  -7.438E-0G 

3.01 4 E-Ob  -2.8b2K-07 

P3O 

l.bb2K-02  -9.06‘)K-07 

1.8G2E-03  -7.376K  06 

2.4G0E-05  -2.148E-07 

l’ol2 

1.390K-02  -2.-144K-0G 

1.848E-03  7.G99K-0G 

2.298E-05  -1.901E-07 

l>.,8 

3.012K-02  2.889K-0b 

2.094E-03  -1.384 E-Ob 

8.605E-06  8.232E-08 

Poll 

1.678K-02  2.8t)2K-05 

1.992E-03  1.323E-0b 

9.179E-0G  6.249E-08 

I’s" 

4.172K-02  5.021K-0b 

2.47bE-03  -1.96GK-0b 

G.723E-06  3.918E-07 

PolO 

4.704K  02  1.879K-0b 

1.88GE-03  9.9G3E-0G 

1.094E-05  1.3b8E-08 

P30 

7.40GK-03  -3.380E-05 

1.445E-03  4.047E-0G 

3.073K-05  .3.543E-07 

PoO 

4.978E-03  -7.r>49K-0(> 

3.b00E-03  -b.028E-0G 

1.397E-0b  .b.240E-08 

p^b 

2.203K-03  l.llbK-OO 

1.707E-03  -b.GbGE-OG 

2.009E-0b  -l.bObE-07 

P08 

6.3b3E-03  -6.b77E-0b 

1.G27K-03  1.09GE-0b 

3.G20E-05  -b.OG-lE-O? 

‘’2" 

2.822E-03  -4.498E-05 

G.321E-03  b.l21E-0G 

b.2b3E-0b  .3.6b0E-07 

P,  10 

1.9G5E-03  -1.805K-0(> 

2.722K-03  -b.l21K-0G 

3.0b2K-0b  .2.3G3E-07 
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2.1G8E0G 
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3.b7GE-0b  .1.948E-07 

P,0 

8.718K-03  -l.bb8E-0b 

2.G70E-03  -1.72bE-0G 
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Pot 

3.074E-03  -b.SOlE-Ob 

3.482E-03  G.17GE-0G 

5.1 83 E-Ob  -b.b74E-07 

P,7 

2.337E-03  -7.79bE-0G 
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P,0 

3.9b4E-03  2.244E-05 
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P,  b 

1.07GK-03  7.3G7E-0G 

b.321E-03  -1.224E-0b 

b.032K-0b  -3.3b2E-07 
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3.5  Aerosol  Extinction  and  Meteorological  Measurements 

The  derived  aerosol  extinction  (DAE)  values  corresponding  to  each  long-path  optical 
measurement  obtained  by  processing  the  data  with  programs  D09KMH  and  DIOKMH  and 
which  are  tabulated  in  Table  2 are  plotted  in  Figs.  16  through  29  together  with  plots  of 
supporting  meteorological  data.  The  solid  squares  shown  in  Figs.  16a,  17a,  etc.  are  DAE 
values  for  the  P28  laser  line,  and  the  open  squares  correspond  to  values  for  the  remaining 
DF  laser  lines  measured  in  the  sequence  described  in  Section  2.4.  The  legend  at  the  upper 
right  of  Fig.  16a  applies  to  the  symbols  and  curves  sliown  in  Figs.  16a,  17a,  etc.  Included 
in  the  plots  Figs.  16  through  29  are  15-min  averages  of  aerosol  particle  distributions  as 
measured  by  the  NRL  meteorology  van,  graphed  once  per  hour  on  the  hour  during  the 
optical  extinction  measurement  times.  These  figures  contain  records  of  additional  aerosol 
data  plus  other  meteorological  parameters  recorded  throughout  the  entire  day  during  which 
the  optical  data  were  taken:  particle  counts  for  each  of  the  four  PMS  spectrometer  ranges, 
wind  speed  and  direction,  effective  aerosol  cross-sectional  area  calculated  for  each  of  the 
four  PMS  ranges,  partial  pressure  of  water  vapor,  relative  humidity,  air  temperature,  baro- 
metric pressure,  CO2  concentration,  and  solar  radiation.  The  water-vapor  concentration 
and  relative  humidity  shown  are  calculated  from  the  measured  values  of  dew  point.  The 
discontinuities  in  the  smooth  records  of  the  meteorological  data  are  due  to  meteorological 
sensor  and  data  acquisition  system  adjustments  (usually  performed  when  optical  data  were 
not  being  taken). 
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o DAE  (2655.863  cm"'- 


►2792.434  cm" 


TIME 

Fig.  16a  — Aerosol  extinction  vs  time 
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Fig.  16b  — Particle  distribution  during  optical 
extinction  measurements 
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Fig.  27f — Particle  distribution 


Fig.  27g  — Particle  distribution 
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Fig.  27j  — Air  temperature,  barometric  pressure,  CO2 
concentration,  and  solar  radiation  vs  time 
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Table  4 summarizes  Uie  observations  which  can  be  made  as  a result  of  examining  the 
data  shown  in  Figs.  16  througli  29.  The  days  on  which  long-patlr  extinction  data  were 
taken  are  listed  in  column  1;  the  figures  which  show  observed  aerosol  extinctions  at  3.8 
iuid  1.06  i^m,  meiisured  aerosol  distributions,  and  ndated  meteorological  data  for  each  of 
tliese  times  are  listed  in  column  2;  and  the  extinction  measurement  times  are  listed  in 
columns  3 and  4.  The  adjusted  aerosol  extinction  (AAE)  imd  calculated  aerosol  extinction 
(CAE)  vidues  shown  in  Uie  set  of  figures  jm'  summarized  in  columns  5 through  8.  Ob- 
served aerosol  densities  in  number  of  particles  per  cm^  per  ^m  radius  lU'e  listed  in  column  9. 
Wind  information,  water-vapor  concentration,  Jiir  temperature,  and  biu-ometric  pressure 
(averaged  from  the  graphical  data)  iu"e  summarized  in  the  next  five  columns.  Atmospheric 
extinction  ciH'fficients  measured  at  650  nm  for  tire  times  indicated  in  column  16  are 
listed  in  column  15. 

The  following  observations  can  be  made  on  inspection  of  Table  4: 

• The  aerosol  extinctions  observed  at  3.8  pm  are  relatively  uniform,  varying  from  a 
minimum  of  0.025  km"'  to  a miLximum  value  of  0.08  km'*. 

• The  agreement  In'tween  the  observed  AAE  and  the  calculated  CAE  values  for  3.8 
pm  is  generally  good,  witliin  a facttrr  of  2 extreme  difference  and  usually  much 
Iretter  agreement,  indicating  that  the  PMS  daUr  used  in  a Mie  scattering  calculation 

(assuming  the  aerosol  refractive  index  to  be  that  of  water  vapor)  gives  numlK’rs  for 
3.8-pm  aerosol  extinction  in  good  agreement  with  observations. 

• The  agreement  between  meiisured  iuid  ciUculated  aerosol  extinction  (AAE  imd  CAE) 
for  1.06  pm  is  not  iis  good  xs  for  3.8  pm;  the  calculated  results  are  consisUmtly 
50%  to  60%  of  the  observed  values.  Possibly  the  assumption  of  water  index  of 
refraction  for  the  sniiiller  particles,  which  are  more  effective  in  scattering  l.OG-pm 
railiation,  is  not  as  reliable  as  it  is  for  the  3.8-pm  case. 

• The  summary  meteorological  information  in  columns  10  through  14  show  that  uni- 
form weather  conditions  persisted  throughout  the  experiment,  with  winds  generally 
between  2 and  4 m/s  from  tlie  southwest,  off  the  Pacific  Ocean.  (The  site  was  ap- 
proximately 10  km  inhmd).  Little  variation  in  water-vapor  pressure  was  observed,  as 
can  be  .seen  in  column  12  imd  also  by  an  examination  of  Pigs.  30a  through  30v. 
which  show  the  molecular  absorption  for  each  DF  laser  lino  studied  as  a function 

of  water-vapor  pressim*. 

• Tlie  local  liazes  present  during  portions  of  the  experiment  give  rise  to  some  of  the 
moderately  higli  scattering  observations  at  650/pm  (column  15  of  Table  -1).  It  is 
interesting  to  note  that  the  1.06-nm  data  do  not  show  the  large  incri'ases  ob.scrved 
in  the  visilile,  although  tlie  trends  in  tlie  two  observations  are  consistently  in  tlie 
.same  ilirection. 

3.6  Molecular- Absorption  Measurements  and 
C'omparisons  to  Calculations 

Figs.  30a  through  30v  show  the  variation  of  the  apparent  molecular  absorption  with  water- 
vapor  pressure  for  each  of  tlie  22  OF  laser  lines  studied.  Tlie  molecular  absorptions  obtained 


Table  4 — Summary  Observation  Of  Adjusted  Aerosol  Extinction  (AAE),  Calculated  Aerosol  Extinction  iCAE),  Aerosol 
Density  as  Measured  with  the  PMS  Particle-Size  Spectrometer,  and  Meteorological  Data  (Wind  Speed,  Wind  Direction. 
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Indicate  inrrvacmg  fd^reasing)  giz«  of  param«t«r  during  obcervation  time 
* Particle  dutni’/utioru  awociated  with  BDL  ihot  timet  included. 

^ Graphic  presentation  limited  to  30  C,  actual  recorded  data  can  exceed  thU  value. 
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Fig.  30a  — Molecular  absorption  vs  watervapor 
pressure,  P3IO  DF  laser  line 
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Fig.  30c  Molecular  absorption  vs  water-vapor 
pressure,  P2I2  DF  laser  line 
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Fig.  30e  — Molecular  alisorption  vs  water-vapor 
pressure,  P2II  DF  laser  line 
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Fig.  30b  — Molecular  absorption  vs  water-vapor 
pressure,  P39  DF  laser  line 
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Fig.  30d  — Molecular  absorption  vs  water-vapor 
pressure,  P38  DF  laser  line 
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Fig.  30f  — Molecular  absorption  vs  waler-vapor 
pressure,  P37  DF  laser  line 
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Fig.  30g  — Molecular  abaorption  vs  water-vapor  Fig.  30h  — Molecular  absorption  vs  water-vapor 

pressure,  P2IO  DF  laser  line  pressure,  P36  DF  laser  line 
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Fig.  30i  — Molecular  absorption  vs  water-vapor  Fig.  30j  — Molecular  absorption  vs  water-vapor 

pressure,  P29  DF  laser  line  pressure,  P36  DF  laser  line 
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Fig.  30k  — Molecular  absorption  vs  water-vapor 
pressure,  P28  DF  laser  line 
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Fig,  301  — Molecular  al)sorption  vs  water-vapor 
pressure,  P27  DF  laser  line 
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Fig.  SOm  ~ Molecular  absorption  vs  water-vapor 
pressure,  P^IO  DF  laser  line 
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Fig.  30n  — Molecular  absorption  vs  water-vapor 
pressure,  P26  DF  laser  line 
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Fig.  30o  — Molecular  absorption  vs  water-vapor 
pressure,  Pj9  DF  laser  line 
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Fig.  30p  — Molecular  absorption  vs  water-vapor 
pressure,  P25  DF  laser  line 
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Fig.  30q  *—  Molecular  absorption  vs  water-vapor 
pressure,  P^8  DF  laser  line 
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Fig.  30r  — Molecular  absorption  vs  water-vapor 
pressure,  p24  DF  laser  line 
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Fig.  3 Os  — Molecular  absorption  vs  water-vapor  Fig.  30t  — Molecular  absorption  vs  water-vapor 

pressure,  Pj7  DF  laser  line  pressure,  P23  DF  laser  line 


Fig.  30u  — Molecular  absorption  vs  water-vapor  Fig.  30v  — Molecular  absorption  vs  water-vapor 

pressure,  Pj6  DF  laser  line  pressure,  Pj5  DF  laser  line 


from  the  Capistrano  measurements  are  shown  as  crosses;  similiar  data  taken  earlier  in  1975 
at  Cape  Canaveral,  Florida,  are  shown  as  open  boxes.  The  latter  data  are  included  because 
the  wider  range  of  water-vapor  pressures  encountered  in  Florida  permits  the  molecular- 
absorption  algorithms  to  be  tested  under  more  demanding  conditions. 

The  solid  line  on  each  graph  is  a least-squares  fit  of  the  Florida  data  against  water- 
vapor  pressure.  The  dashed  line  indicates  the  molecular  absorptions  predicted  by  the  algo- 
rithm. In  most  cases  the  agreement  between  the  experimental  and  calculated  values  is  good 
Larger  discrepancies  are  observed  for  the  Pj6,  PjlO,  and  P24  lines,  since  these  were  not 
included  in  the  curve  fits  used  to  estimate  the  aerosol  extir..’tion.  The  solid  curve  provides 
a better  estimate  of  the  molecular  absorption  for  these  lines. 
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A summary  of  the  comparisons  of  measured  and  calculated  values  for  midlatitude 
summer  conditions  (14.26  torr  of  water  vapor)  is  given  in  Table  5.  For  each  DF  laser  line 
investigated,  the  table  lists:  the  line  identification,  the  line  position,  the  experimentally 
determined  molecular  absorption  at  14.26  torr,  the  standard  deviation  of  the  empirical 
curve  fit,  the  calculated  molecular  absorption  for  14.26  torr,  the  percentage  difference 
lietween  the  measured  and  calculated  viUues  (normalized  to  the  calculated  viilue),  and  the 
standard  deviation  of  the  experimental  curve  fit  expressed  as  a percentage  of  the  cidculated 
value. 

The  differences  between  experimental  and  calculated  values  for  molecular-absorption 
values  are  within  ± 20%  for  all  but  the  P^IO  and  P24  lines.  The  standard  deviations  of 
the  curve  fits  are  always  less  than  20%  of  the  calculated  values.  Ai.  present  the  good  over- 
all agreement  between  modeling  and  experiment,  as  evidenced  for  20  of  the  22  DF  lines 
studied,  shows  that  existing  calculations  of  molecular  absorption  for  90%  of  the  DF  laser 
lines  of  current  interest  should  prove  quite  reliable. 

The  coefficients  for  the  least-squares  fits  of  the  experimentally  determined  molecular 
absorptions  are  given  in  Table  6.  Within  the  temperature  range  corresponding  to  these  meas- 
urement conditions  (about  15°C  to  35°C),  these  coefficients  provide  empirical  relations 
which  can  be  used  to  further  increase  the  accuracy  of  atmospheric  molecular-absorption 
predictions  for  each  of  the  22  DF  laser  lines  investigated. 


3.7  Molecular  Absorption  ;uid  Aerosol  Extinction  During  the 
JAN  Baseline  Demonstration  Laser  (BDL)  Laser  Shots 

^Vnalysis  of  the  optical  transmission  data  obtained  with  the  IMORL  DF  laser  improved 
or  validated  the  computational  algorithms  available  for  predicting  molecular  absorption  at 
DF  laser  frequencies.  By  u.sing  the  known  relative  line  strengths  of  the  BDL  (given  in  Table 
7 (5) ),  the  line- weighted  molecular  absorption  for  the  BDL  beam  can  be  calculated.  This 
calculation  and  the  best-estimate  aerosol  extinction  (obtained  from  section  3.5)  are  listed 
in  Table  8 for  each  of  the  BDL  .shots.  These  results  permit  BDL  molecular-absoriition 
effects  to  be  distinguished  from  aerosol-scattering  effects,  thereby  aiding  the  interpretation 
of  the  BDL  data. 


4.  CONCLUSIONS 

The  measurements  of  optical  system  efficiency  shown  in  Figs.  12  and  13  represent 
the  largest  source  of  uncertainty  in  the  measurements  presented  herein.  Averaging  of  the 
data  taken  on  two  runs  performed  on  the  same  or  consecutive  days  yields  curves  of  average 
efficiency  versus  wavelength  with  an  uncertainty  of  between  ±1%  and  ±2.5%,  depending 
on  the  data  set.  During  the  first  experimental  session,  a change  in  average  system  efficiency 
of  from  71%  to  66%  was  observed;  the  corresponding  observations  during  the  second  session 
were  70%  to  67%.  (The  small  optical  surfaces  involved  in  this  calibration  were  cleaned 
prior  to  the  start  of  the  second  session;  the  large  mirrors  were  not,  due  to  lack  of  facilities 
in  the  field.)  A conservative  experimental  uncertainty  of  ±2.5%  in  optic;il  system  efficiency 
represents  the  worst-case  contribution  of  this  factor  to  the  overall  measurement  uncertainty. 
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Table  5 — Comparison  of  Measured  and  Calculated  Molecular  Absorption  for 
Midlatitude  Summer  Conditions  (14.26  torr  partial  pressure  H2O) 


Line 
Position 
(cm"^ ) 

Experimental 

Absorption 

(km-l) 

Std.  Dev. 

a 

(km'^ ) 

Calculated 
Absorption 
(km'l ) 

(Exp  - calc)/calc 
(%) 

a/calc 

(%) 

2496.721 

0.0516 

0.0024 

0.0514 

0.4 

4.7 

2521.769 

0.0364 

0.0046 

0.0366 

-0.5 

12.5 

2527.391 

0.0340 

0.0014 

0.0346 

-1.7 

4.0 

2546.375 

0.0561 

0.0048 

0.0511 

9.9 

9.3 

2553.952 

0.0360 

0.0058 

0.0365 

-1.3 

16.0 

2570.522 

0.0701 

0.0037 

0.0648 

8.2 

5.7 

2580.096 

0.0736 

0.0120 

0.0678 

8.7 

17.7 

2594.197 

0.0364 

0.0027 

0.0308 

18.1 

8.8 

2605.806 

0.0554 

0.0083 

0.0513 

8.0 

16.2 

2617.386 

0.0221 

0.0024 

0.0229 

-3.5 

10.7 

2631.067 

2655.863 

0.0302 

0.1023 

0.0048 

0.0044 

0.0360 

0.1004 

-16.0 

1.8 

13.3 

4.4 

2665.219 

0.0460 

0.0064 

0.0381 

20.5 

16.7 

2680.179 

0.0639 

0.0043 

0.0600 

6.6 

7.2 

2691.606 

0.0435 

0.0032 

0.0463 

-6.1 

6.9 

2703.999 

0.0284 

0.0036 

0.0300 

-5.3 

12.0 

2717.538 

0.1456 

0.0036 

0.1437 

1.3 

2.5 

2727.309 

0.0437 

0.0026 

0.0574 

-23.8 

4.5 

2742.997 

0.0311 

0.0042 

0.0350 

-11.1 

12.3 

2750.094 

0.0457 

0.0051 

0.0425 

7.6 

11.9 

2767.968  ^ 

0.0764 

0.0071 

0.0876 

-12.3 

8.1 

2792.434 

0.0661 

0.0068 

0.0705 

-6.3 

9.6 
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Table  6 — Coefficients  for  Calculation  of  the  Empirical  Molecular 
Absorption  (EM A = a + bP  + cP2)  as  a Function  of 
Water-Vapor  Pressure 


a 

b 

c 

P310 

0.02647 

0.001762 

0.0 

P39 

0.01443 

0.001543 

0.0 

P212 

0.01371 

0.001422 

0.0 

P38 

0.03005 

0.001828 

0.0 

P211 

0.01774 

0.001279 

0.0 

P37 

0.04292 

0.001907 

0.0 

P210 

0.04852 

0.001761 

0.0 

P36 

0.00589 

0.002843 

-0.0000493 

P29 

0.00435 

0.004861 

-0.0000899 

P35 

0.00208 

0.001404 

0.0 

P28 

0.00264 

0.001609 

0.0000228 

P2'7 

0.00092 

0.006361 

0.0000522 

Pi  10 

0.00235 

0.004320 

-0.0000883 

P26 

0.00004 

0.004481 

0.0 

Pi  9 

0.00864 

0.003323 

-0.0000617 

P25 

0,00000 

0.002000 

0.0 

Pi  8 

0.00014 

0.009122 

0.0000758 

P24 

0.00012 

0.003396 

-0.0000237 

Pl7 

0.00035 

0.001006 

0.0000805 

P23 

0.00142 

0.002419 

0.0000480 

Pi  6 

0.00525 

0.003808 

0.0000828 

Pi  5 

0.00158 

0.003619 

0.0000633 
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Tiihlo  7 — Mi'usurod  BDL  Power 
Spoelnim 


l.asor 

Une 

WavoU-nutli 

(jiml 

Reliilivt*  Power 

(%) 

P,6 

3.613 

0.7 

P,7 

3.646 

2.1 

P,8 

3.679 

5.6 

P,9 

3.714 

11.0 

P,  10 

3.752 

6.9 

P.,6 

3.721 

2.8 

P,7 

3.766 

4.8 

PjH 

3.800 

18.6 

PjO 

3.837 

12.4 

P.,10 

3.875 

6.2 

P,!! 

3.915 

0.7 

P36 

3.865 

2.1 

P37 

3.890 

9.7 

P3H 

3.927 

10.3 

P39 

3.965 

4.1 

P3IO 

4.005 

2.1 

ThIiIo  8 — Moleenlar  Ahsorption  tuul  Aen>sol  Kxtim’tion 
DuriiiK  Uio  BDL  Shots 


Air 

Wafer-Vapor 

CaK'uliitoii 

Aero.sol 

'A  me 

'remperiiliire 

Pre.ssiin’ 

.Mworption 

KxtmeUon 

('  0 

(torrl 

(kir,  ' ) 

(km  * ) 

0.  ()■»!•() 
O.OftOft 
0,0501 
O.OIOI 
0.0500 
0.015a 
0.0077 
0.01 1 ;i 
0.0501 
0.05  II 
0.01  HO 
0.0100 
0.0502 
O.OOHl 
0.0000 
0.01  17 
0.01  HO 
0.050H 


0.0001 

0.0505 

0.0500 

0.0500 

0.0750 

0.0000 
0.0050 
0.0050 
0 0202 
0.0000 
0.0000 
0 0272 
0.0250 
0 0250 
0.0500 
0.0500 
0.0500 
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The  daily  variations  observed  in  the  detector  relative-response  (A-and-C-run)  averages 
were  ±1%.  When  combined  with  tlie  uncertainty  in  the  optical  system  efficiency  and  assum- 
-ing  ±1%  uncertainty  in  a 5-km  measurement,  an  overall  transmission  measurement  uncer- 
tainty of  ±4.5%  results.  Due  to  the  exponential  relationship  between  transmission  and  ex- 
tinction coefficient,  a fixed  uncertainty  in  transmission  will  result  in  a larger  uncertainty 
in  extinction  coefficient  for  higher  transmission  values.  Thus  the  highest  transmission  values 
observed,  about  79%  for  the  P28  or  PgS  lines  of  DF,  yielded  extinction  coefficients  of  about 
0.04  km'^  with  an  uncertainty  of  ±18%,  whereas  the  30%  transmissions  occasionally  mea- 
sured for  the  PgT  and  Pj8  lines  yielded  extinction  coefficients  as  large  as  0.2  km"^  with  a 
±4.0%  experimental  uncertainty. 

Experience  with  this  experiment  in  Florida  and  California  argues  for  better  monitoring 
and  control  of  the  zero-path  optical  system  efficiency.  A system  of  air  curtains  is  presently 
being  installed  toward  this  end.  Uncertainties  due  to  detector/integrator  responses  are  cur- 
rently being  studied  by  the  use  of  alternative  geometries  to  that  shown  in  Fig.  8 with  the 
goal  of  reducing  this  factor  below  the  1%  level. 

The  data  acquisition  and  reduction  procedures  described  in  section  2.4  are  based  on 
the  assumption  that  aerosol  extinction  is  wavelength  independent  over  the  DF  laser  spec- 
tral region  (3.6  to  4.1  pm)  and  are  not  sensitive  to  differences  between  weakly  wave- 
length dependent  molecular  effects  (H2O  and  N2  continua)  and  extinction  due  to  aerosols; 
additional  data  are  required  to  sort  out  these  effects.  Accordingly,  the  DAE  values  de- 
rived from  the  curve  fits  shown  in  Figs.  16a,  17a,  etc.  and  tabulated  in  Table  2 should  re- 
present the  time  variation  of  aerosol  extinction  during  a measurement  sequence.  This  is 
readily  apparent  only  for  certain  runs,  in  particular  those  taken  on  days  217  (Fig.  16a), 

218  (Fig.  17a),  219  (Fig.  18a),  and  220  (Fig.  19d).  Note  that  the  measured  aerosol  ex- 
tinction at  1.06  pm  in  each  case  behaves  in  the  same  manner  as  a function  of  time  as  does 
the  DAE  curve  fit  for  these  examples.  For  other  cases,  notably  days  220  (Fig.  19a),  226 
(Fig.  22a),  255  (Fig.  24a),  259  (Fig.  26a),  and  260  (Fig.  27d)  there  appears  to  be  a re- 
peated, small  dependence  of  the  AAE  values  and  DAE  curve  fit  upon  time.  The  small 
quadratic  dependence  of  the  AAE  values  upon  time  evidenced  in  this  latter  group  of  runs 
could  result  from  a residual,  monotonic  increase  of  AAE  with  increasing  wavenumber,  not 
completely  accounted  for  in  the  analysis  procedures  used  (see  Section  2.4).  The  magnitude 
of  the  AAE  values  and  fitted  DAE  curves  for  these  cast's  is  small,  generally  between  0.03 
and  0.045  km”' . Only  in  these  cases  do  the  repeated  convex  upward  shapes  of  the  DAE 
vs.  time  curves  become  apparent,  indicating  that  if  this  shape  is  evidence  of  an  error  in 
the  molecular  continuum  absorption  model  used  (6],  or  an  indication  of  a small  wavelength 
dependence  of  aerosol  extinction  in  the  spectral  region  in  question  that  such  effects  only 
Ix'come  apparent  for  low  attenuation  (high  transmission)  conditions. 

Future  experiments  combining  la.ser  extinction  and  high-resolution  transmission  spec- 
tro.scopy  will  be  conducted  to  stutly  such  questions  in  greater  detail,  particuUu-ly  tlie  mag- 
nitude and  shape  of  the  N2  and  UgO  continuum  absorptions  in  the  DF  laser  region. 

The  PMS  ilata  used  independently  to  predict  scattering  at  3.8  pin  worked  surpri.singly 
well  in  this  experiment,  lending  confidence  to  this  approach.  In  the  earlier  Florida  exper- 
iment the  agreement  between  the  PMS-based  predictions  and  the  AAE  values  is  not  as 
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good.  A larger  variation  in  aerosol  composition  (most  likely  due  to  changes  between  off- 
shore and  ocean  wind  conditions  at  that  site)  is  responsible  for  the  differences  observed 
in  the  two  experiments.  This  is  a complex  problem  which  is  currently  being  actively 
studied.  The  data  base  contained  in  this  report  should  prove  useful  in  furthering  the  de- 
velopment of  techniques  for  modeling  aerosol  extinction. 

Though  the  data  from  this  experiment  shown  in  plots  of  molecular  absorption  versus 
water-vapor  pressure  (Figs.  30)  are  not  very  useful  in  validating  the  predictions  shown  on 
the  same  plots  (due  to  the  limited  range  of  humidities  observed),  the  data  consistently 
agree  with  the  experimental  curve  fits  derived  from  the  Florida  experiment. 

The  detailed  information  contained  in  this  report  as  regards  aerosol  distributions, 
.absolute  humidities,  wind  patterns,  and  related  optical  effects  on  3.8-ixm  propagation  as- 
sociated with  the  TRW-CTS  location  should  prove  useful  as  a reference  for  the  planning 
and  analysis  of  future  DF  laser  propagation  tests  to  be  carried  out  using  the  sites  described 
herein. 
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